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Intrinsic and extrinsic properties of ferroelectric materials are known to have strong 
dependencies on electrical and mechanical boundary conditions, resulting in finite-size effects at 
length scales below several hundred nanometers. In ferroelectric thin films, equilibrium domain 
size is proportional to the square root of film thickness, which precludes the ability for current 
tomographic microscopies to accurately resolve complex domain morphologies in sub-micron 
films. Nanometer-scale three-dimensional imaging of spontaneous polarization is critical for 
understanding equilibrium states in polar materials, as well as for engineering devices based on 
such phenomena, however such capabilities remain a substantial experimental challenge. 
Tomographic atomic force microscopy (AFM) is presented as a novel experimental modality for 
three-dimensional ferroelectric property measurements with 20 nm spatial resolution. 
This dissertation presents the results of an investigation into the size-dependence of 
ferroelectricity in the room temperature multiferroic BiFeO3 across two decades of thickness to 
below 5 nm. Multiferroic BiFeO3 was chosen for this research due its technological relevance in 
low-power, electrically-switchable magnetic logic. Tomographic AFM provides unprecedented 
tomographic imaging capabilities of ferroelectric domains in BiFeO3 with a significant 
improvement in spatial resolution compared to existing tomographic microscopies capable of 
resolving ferroelectric domains. In addition to volumetric imaging, tomographic AFM is employed 
for direct, thickness-dependent measurements of the local spontaneous polarization and 
ferroelectric coercive field in BiFeO3. The thickness-resolved ferroelectric properties of BiFeO3 
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strongly correlate with cross-sectional TEM, Landau-Ginzburg-Devonshire phenomenological 
theory, and the semi-empirical Kay-Dunn scaling law for ferroelectric coercive fields. These 
results provide an unambiguous determination of a stable and switchable polar state in BiFeO3 to 
thicknesses below 5 nm. Electrically conductive, filamentary defects are found to exist at 
nonlinearities the ferroelectric domain structure of BiFeO3, and are shown to be localized to such 
defects throughout the entire thickness of the film, again to below 5 nm. A novel first principles-
based model is derived for the electric field applied during tomographic AFM, allowing for direct 
confirmation of Schottky emission as the relevant mechanism of electrical conduction for 
filamentary, conductive defects in BiFeO3. Such findings demonstrate the accuracy and utility of 
tomographic AFM for nanoscale three-dimensional property measurements, thereby providing 
novel insight into finite-size effects in ferroelectric and multiferroic materials.
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1. Introduction 
 
Bismuth Ferrite (BiFeO3) is a single phase magnetoelectric multiferroic material that shows 
the unique property of coupled dipolar and magnetic order at room temperature. BiFeO3 is 
magnetoelectric, indicating that an applied electric field can induce linear changes in the 
magnetization and vice versa, but also multiferroic in that the ferromagnetic order parameter can 
be hysteretically switched by application of an applied electric field (and also vice versa). This 
coupled behavior, experimentally accessible at room temperature, has led to an enormous amount 
of practical and theoretical interest in BiFeO3 during the last 15 years. The ability to switch 
magnetism with an applied electric field has direct implications for the development of low-power, 
electrically switchable magnetoelectric logic devices, while investigation into the fundamental 
physical origin of the coupling between ferroelectricity and ferromagnetism, two competing 
phenomena when present in crystalline solids, in BiFeO3 has led to advances in both the 
characterization and theoretical understanding of coupled ferroic behavior in crystals.  
BiFeO3, like other “traditional” ferroelectrics such as BaTiO3 and PbTiO3 exhibits finite 
size effects, where the signatures of the ferroelectric state, such as the spontaneous polarization 
and ferroelectric coercive field, change as a function of crystal dimension and more commonly, 
thickness of a semi-infinite thin film. Primary among these effects is the monotonic decrease of 
the spontaneous polarization as a function of feature size (e.g. film thickness), brought on by the 
destabilization of the polar state as a result of the decreasing crystal volume available support the 
“soft” optical phonon mode associated with off-center cation lattice displacements. While not 
necessarily an intrinsic property such as the spontaneous polarization, the ferroelectric coercive 
field, i.e. the electric field required to switch the spontaneous polarization of a ferroelectric 
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between two energetically degenerate states, is inversely proportional to the minimum crystal 
dimension, with very large values of the coercive field measured for ultrathin films. Understanding 
the size-dependence of ferroic properties in BiFeO3 is of both fundamental and practical interest; 
the effect of finite size on multiferroic coupling is currently unclear, and low-power devices based 
on ferroelectric switching of BiFeO3 thin films will likely be fabricated with film thickness within 
the range of finite size effects (10 nm – 50 nm). 
To investigate finite size effects in BiFeO3, a novel variant of atomic force microscopy 
(AFM) has been developed and implemented on BiFeO3 thin film heterostructures. Tomographic 
AFM is an experimental method based on contact-mode AFM, where an AFM probe used to 
continuously and selectively remove material from a specimen surface with sub-nanometer vertical 
removal precision. The benefits of this technique are twofold: by measuring functional properties 
while simultaneously performing tomographic AFM, a three-dimensional volume of ferroelectric 
properties is acquired; in addition, the tomographic methodology can be adapted to the selective, 
top-down fabrication of angled cross-sections of BiFeO3 thin films giving access to the entire 
thickness of the film, and allowing for dedicated experiments into the thickness dependence of the 
spontaneous polarization and ferroelectric coercive field. The work presented in this dissertation 
can be conceptually divided into two major components: the development of tomographic AFM 
methods on BiFeO3, and the development of analysis techniques and physical models to 
understand the thickness-dependent, three-dimensional data extracted from BiFeO3 using 
tomographic AFM.  
Tomographic AFM allows for high-fidelity measurements of ferroelectric properties in 
BiFeO3 down to a single nanometer of film thickness; combined with the ~20 nm spatial resolution 
characteristic of AFM, tomographic AFM provides a level of experimental resolution unattainable 
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prior to this work. In this dissertation, tomographic AFM has been employed for the 
characterization of four important ferroelectric (and therefore multiferroic) properties of BiFeO3 
thin films: 1) full three-dimensional, through-thickness volumetric mapping of the in-plane 
ferroelectric domain morphology in a BiFeO3 thin film, 2) measurement of both the out-of-plane 
and in-plane components of the spontaneous polarization as a function of BiFeO3 film thickness, 
3) quantification of the thickness-dependent coercive field and characterization of the multi-step 
switching process in BiFeO3 as a function of film thickness, and 4) through-thickness measurement 
and modeling of electronic transport at conductive defects localized to specific ferroelectric 
domain wall topologies. The majority of this work has been performed on a single BiFeO3 
specimen, negating the need for an array of separately-fabricated samples and thus removing the 
possibility of stoichiometric variability between samples, a factor that has been shown to have a 
substantial impact on functional properties in BiFeO3.  
The development of an effective and repeatable experimental methodology for the 
acquisition of variable-thickness property measurements of BiFeO3 using tomographic AFM was 
the first goal of the work presented in this dissertation. To date, there are no other reports of three-
dimensionally-resolved AFM of a ferroelectric material, a finding that is consistent with the 
difficulty in acquiring such data. Furthermore, in order to facilitate the correct interpretation of 
variable-thickness measurements, an accurate model of the electric field applied by an electrically 
biased AFM probe was derived from first principles. Only through this solution is the second goal 
of this dissertation enabled; to make truly quantitative measurements of the thickness-dependence 
of ferroelectric properties of BiFeO3. Such measurements allow for investigation of the functional 
limits of the ferroelectric state in BiFeO3, which has direct implications for the design of logic 
devices constructed around the multiferroic functionality of BiFeO3. 
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2. Materials and Methods 
 
The work presented in this thesis is dedicated to characterizing the thickness-dependent 
ferroelectric properties of BiFeO3 using an atomic force microscope; this chapter will be focused 
on providing a sufficiently detailed introduction to the theory ferroelectricity, as well as to the 
relationship between ferroelectricity and multiferroic phenomena, specifically as it relates to the 
multiferroic BiFeO3. A topical review of the theory, applications, and emergent properties of 
BiFeO3 will be provided, followed by a brief description of the BiFeO3 samples used in this 
dissertation. The working principles and mechanisms of contrast formation of atomic force 
microscopy (AFM) will be introduced, as well as the AFM-based imaging modes employed for 
the characterization of ferroelectric materials, namely piezoresponse force microscopy (PFM) and 
conductive atomic force microscopy (CAFM).  
 
2.1. Ferroelectric Materials 
Linear dielectric materials are a class of materials that develop a net dipole moment 
characterized by reversible separation of charged species (electrons, atoms, etc…) when subjected 
to an electric field. The net dipole moment per unit volume is a crystal is equal to the polarization, 
P, which can be described according to Equation 2.1, 
𝑷 = 𝜀o𝜒𝑒𝑬 2.1 
where o is the vacuum permittivity, e is the electric susceptibility, and E is the applied electric 
field. The electric susceptibility is a measure of the polarizability of a given material or medium 
(gaseous, liquid, etc…). Ferroelectric materials are a class of nonlinear dielectric materials where 
below a given temperature, called the Curie temperature, a remnant electric dipole is formed that 
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produces a spontaneous polarization when present throughout the volume of a crystal. In the 
prototypical ferroelectric material, e.g. perovskite BaTiO3 or PbTiO3, upon cooling through the 
Curie temperature the crystal transitions from a high-temperature, high-symmetry phase to a low-
temperature phase with lowered crystallographic symmetry. Ferroic phenomena are characterized 
by symmetry breaking through a phase transition; in ferroelectric materials crystallographic 
inversion symmetry is broken in the ferroelectric phase, where the structure of the low-temperature 
polar phase is defined by a lack of inversion symmetry. It is the off-center placement of one or 
more ions relative to the remaining ions within the unit cell of a ferroelectric that gives rise to the 
spontaneous polarization in the material. The origin of ionic displacements in ferroelectrics is the 
softening and of a transverse optical phonon mode through the Curie temperature that in the low-
symmetry, non-centrosymmetric phase assumes an infinite wavelength, or “freezing out” of the 
ions associated with that phonon mode in their off-center positions1.  
Ideally, for a material to be classified as ferroelectric, the spontaneous polarization must 
be reorientable between two energetically degenerate states, typically associated with the 
repositioning of the off-center cation(s) along the polar direction of the crystal. The spontaneous 
polarization Ps in a ferroelectric crystal is defined as the net polarization that remains when the 
crystal is not subjected to an external applied field, i.e. the remnant polarization. The nonlinearity 
of the dielectric response (P vs. E) of ferroelectric materials is therefore hysteretic; Figure 2.1 
shows schematics of the dielectric response of a linear dielectric (Figure 2.1a) and a ferroelectric 
material (Figure 2.1b) as a function of the applied electric field, E. The applied electric field 
necessary to reorient or “switch” the spontaneous polarization between stable states is called the 
ferroelectric coercive field, Ec, an intrinsic measure of the energy or driving force required to 
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reorient a finite volume of dipoles into another stable remnant state and defined as the electric field 
at P = 0 in the ferroelectric hysteresis loop (see Figure 2.2b).  
The energetics of the ferroelectric state are commonly described by the Landau-Ginzburg-
Devonshire (LGD) phenomenological theory of ferroelectricity2, which treats the free energy of a 
ferroelectric crystal as the Taylor series expansion of the primary order parameter of the system, 
in this case the spontaneous polarization. A wide range of physical properties as well as 
temperature-composition phase diagrams can be derived from LGD theory by capturing the 
behavior of the ferroelectric within the coefficients of the free energy expansion. One of the most 
significant results from LGD phenomenological theory is the calculation of the “double well” 
potential of ferroelectricity, commonly plotted as the free energy of a ferroelectric crystal as a 
function of the spontaneous polarization, G(P), shown in Figure 2.2 for a hypothetical crystal. Two 
free energy functions are shown in Figure 2.2; above the ferroelectric Curie temperature (blue line) 
Figure 2.1: Dielectric response of a) a linear dielectric material, and b) a non-linear 
dielectric/ferroelectric material for a hypothetical crystal. Ec and Ps indicate the location of the 
ferroelectric coercive field and spontaneous polarization, respectively.  
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and below the Curie temperature (red line). Ferroelectricity only exists below the Curie 
temperature, which according to LGD theory results in two minima in the free energy when P =  
Ps. Recalling that the origin of ferroelectricity in non-centrosymmetric crystals is often the result 
of off-center displacements of one or more ions in the unit cell, the abscissa of Figure 2.2 can be 
rewritten as r, or the physical displacement of said ion(s). The relative positions of the local minima 
and maxima in Figure 2.2 are indicative of the stability of the ferroelectric state (asymmetry in the 
well structure is possible, and is typically the result of extrinsic factors such as mechanical and 
electrical boundary constraints on the crystal). Upon heating of a ferroelectric crystal, the polar 
state becomes unstable against lattice distortions, and the transition between the low-temperature 
polar phase and the high-temperature non-polar phase can be visualized as a continuous change 
from the red line to the blue line in Figure 2.2; the depth of the free energy wells located at P = Ps 
decreases with increasing temperature. The definition of ferroelectric crystals presented 
Figure 2.2: Free energy (G) as a function of polarization for a hypothetical ferroelectric crystal 
above (blue line) and below (red line) the ferroelectric Curie temperature.  
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schematically using Figure 2.1 and Figure 2.2 necessarily represents and idealized treatment of the 
phenomena of ferroelectricity. Practically, nearly all of the functional parameters of ferroelectrics 
are modified by the presence of defects in real crystals: the shape, area, and E-offset (imprint) of 
the hysteresis loop in Figure 2.1, the magnitude of the spontaneous polarization, and the depth and 
asymmetry of the potential wells shown in Figure 2.2 to name several.  
 Crystallographically, ferroelectric materials are polar crystals that are a functional 
subgroup of pyroelectric crystal family. Of the 32 crystal classes (three dimensional point groups 
that are consistent with translational symmetry), 21 are non-centrosymmetric, 20 of which can 
exhibit piezoelectricity, the physical property whereby an applied stress (rank-2 tensor) induces a 
net polarization (rank-1 tensor) in the crystal. Piezoelectricity is a property that only emerges in 
crystals without inversion symmetry; non-zero components of the piezoelectric coefficient, a rank-
3 tensor, only exist through crystallographic transformations associated with the symmetry 
elements of non-centrosymmetric crystals, in accordance with Neumann’s principle3. In tensor 
notation, piezoelectricity is defined as 
𝑃𝑖 = 𝑑𝑖𝑗𝑘𝑋𝑗𝑘 2.2 
where Pi is the rank-1 spontaneous polarization tensor, dijk is the rank-3 piezoelectric coefficient 
tensor, and Xjk is the rank-2 stress tensor. Of the 20 piezoelectric crystal classes, 10 have a unique 
polar axis, thus possessing a remnant polarization and are referred to as pyroelectric crystals. For 
a material to be ferroelectric, there needs to exist a spontaneous electric dipole that is reorientable 
upon the application of a sufficiently large electric field, thus ferroelectric materials must be polar 
and therefor part of the pyroelectric crystal family. Using the elegant description provided by Jona 
and Shirane2, a ferroelectric crystal is defined as a pyroelectric crystal (by symmetry) with 
reversible polarization.  
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Ferroelectric crystals exhibit a variety of unique properties not present in non-polar 
materials which largely originates from the spontaneous polarization. Ferroelectric materials 
commonly display anomalous behavior in the specific heat and dielectric permittivity near 
structural phase transitions between point groups of different symmetry. The increase in specific 
heat is associated with the latent heat of a first-order phase transition (discontinuous disappearance 
of the order parameter at the transition temperature), while the increase in dielectric permittivity 
originates from the destabilization of the non-centrosymmetric ferroelectric structure near the 
transition temperature, which allows an applied field to more easily reorient atomic dipoles. This 
effect is typically more pronounced for the dielectric permittivity measured along one of the non-
polar axes of a ferroelectric crystal, since rotation of a dipole perpendicular to its polar axis is 
energetically less costly than stretching of a dipole along its polar axis.  
During cooling from high temperature through the Curie point, ferroelectric materials tend 
to segregate into regions of uniform polarization in order to reduce the depolarizing fields formed 
at the surface of crystals. These regions of uniform polarization are referred to as ferroelectric 
domains; in a classical uniaxial ferroelectric material with spontaneous polarization along the 
[001] axis, ferroelectric domains represent spatially distinct regions having uniform values of +Ps 
and -Ps, with spontaneous polarization oriented along [001] and [001̅], respectively. Domain walls 
are ferroelectric interfaces that separate regions of different spontaneous polarization orientation. 
Figure 2.3 shows a schematic illustration of an area within a ferroelectric film that has two 
domains, +Ps and -Ps along the [001] polar axis, separated by a ferroelectric domain wall (black 
line). As shown in Figure 2.1, an applied electric field can be used to “switch” the ferroelectric 
from one polarization state to another, the microscopic origin of ferroelectric switching is the field-
induced movement of ferroelectric domain walls and the commensurate change in the relative 
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volume fraction of each polarization state. The electric field-driven formation and growth of 
ferroelectric domains can be understood as a nucleation and growth process similar to 
solidification processes in metals. Small regions (prolate spheroid) of oppositely-oriented 
spontaneous polarization form at the surface of a ferroelectric crystal, propagate to the opposing 
crystal surface at constant radius, and then expand by sideways motion of planar domain walls 
until the volume fraction of the nucleated polarization equals unity. The field dependence of 
ferroelectric switching can often be modeled using the Kolmogorov-Avrami-Ishibashi (KAI) 
kinetic model of ferroelectric switching4–8, Equation 2.3, 
𝑞(𝐸) = 1 − exp [− ∫ 𝐶𝑑
𝐸
0
(∫ 𝑣(𝐸′′)
d𝑡
d𝐸𝐸=𝐸′′
d𝐸′′
𝐸
𝐸′
)
𝑑
𝑛𝐸(𝐸
′)d𝐸′] 2.3 
where q is the volume fraction of the expanding domain, v is domain wall velocity, t is time, nE is 
the nucleation density per unit volume, and Cd and d are domain wall dimensionality parameters. 
The single and double prime superscripts are bookkeeping devices within the double integral. The 
KAI includes the field-dependence of both domain wall motion and domain nucleation, and has 
Figure 2.3: Schematic illustration of the spatial distribution of ferroelectric domains in a 
hypothetical uniaxial ferroelectric material with spontaneous polarization Ps along [001]. 
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historically been successful model in the field of ferroelectrics, although alternate theories of 
ferroelectric switching kinetics exist9,10. According to the KAI model, the total volume fraction of 
the newly nucleated polarization, when plotted as a function of electric field, results in a sigmoid-
type curve that describes the microscopic origin of the hysteresis behavior shown in Figure 2.1b. 
As stated previously, BiFeO3 is a proper ferroelectric and a direct multiferroic; BiFeO3 is 
also an improper ferroelastic, in that the order parameter that defines the transition from the high-
symmetry phase to the ferroelastic phase is not the spontaneous strain, but the the spontaneous 
polarization. As BiFeO3 assumes the ferroelectric phase upon cooling below the ferroelectric Curie 
temperature (1100 K), the [111]-oriented polarization resulting from the sterically-driven shift of 
the A-site Bi atoms relative to the oxygen octahedra results in a spontaneous strain along the polar 
axis. The results of this transition are clearly visible in stripe-type/twin-like 
ferroelectric/ferroelastic domain boundaries that commonly form in both bulk crystals and 
epitaxial thin films that serve to minimize the strain energy created by the polar distortions.  
 
2.2. Multiferroic Materials 
Analogous to the broken crystallographic inversion symmetry in ferroelectrics, 
ferromagnets are defined by broken time reversal symmetry, i.e. the absence of symmetry with 
respect to electron spins arising from the magnetic moments of unpaired d-shell and f-shell 
electrons. Exchange interactions result in long rang spin ordering, supporting macroscopic 
ferromagnetism in several of the transition metal and lanthanide elements. In insulators, the 
exchange interaction occurs through the orbital overlap of nonmagnetic ions located between 
magnetic ions in the lattice, this is referred to as superexchange. In metals, delocalized free 
electrons become spin polarized by magnetic ions in the lattice and as a result can polarize nearby 
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magnetic ions (within the spin relaxation length), this is the RKKY interaction. In both cases, 
unpaired d-shell and f-shell electrons are necessary to support ferromagnetism in a material. In a 
seminal paper, the question was posed as to why there are so few materials that are simultaneous 
ferroelectric and ferromagnetic11. The answer to this question arises from the nature of d-shell 
electrons of the transition metal ions present in the majority of both ferroelectric and ferromagnetic 
materials; the electronic configurations that support ferroelectricity and ferromagnetism are 
fundamentally opposed to each other12,13. In contrast to the requirement of unpaired d-shell 
electrons required to support spin ordering in ferromagnets, the cation off-centering that defines 
ferroelectric materials arises from unfilled d orbitals in transition metal cations. Covalent bonding 
between adjacent cations and anions in a ferroelectric material results in symmetry breaking and 
local dipole formation through the Jahn-Teller effect, and is also referred to as a Jahn-Teller 
distortion; this distortion is energetically favorable when the d-shell of the covalently bonded 
cation is formally empty. This contraindication of the d-shell electron configurations required to 
support either ferroelectricity and ferromagnetism nearly excludes the existence of these 
phenomena simultaneously in the same material. Efforts to engineer multiferroics have historically 
been focused on separating the physical origin of the ferroelectric and ferromagnetic orders away 
from the transition metal cations. The most successful methods to engineer multiferroic materials 
has come by retaining magnetic ordering in the transition metal cation and creating the structural 
distortions necessary to produce an electric dipole elsewhere in the unit cell14,15.  
 
2.2.1. Bismuth Ferrite, BiFeO3 
Bismuth ferrite, BiFeO3, is a Type-I magnetoelectric multiferroic material that exhibits 
coexistence of the ferroelectric and ferromagnetic order at temperatures below the ferromagnetic 
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Neel temperature, 653 K. Upon cooling from high temperatures, BiFeO3 first becomes ferroelectric 
at the Curie temperature of 1100 K, followed by a second phase transition at the Neel temperature 
below which the ferroelectric and ferromagnetic orders are coupled and BiFeO3 is a single-phase 
true multiferroic. In the room-temperature non-centrosymmetric phase, BiFeO3 assumes the ABX3 
perovskite structure, with Bi atoms on the A-site, Fe atoms on the B-site, and oxygen atoms on the 
X sites/face centers. At room temperature BiFeO3 belongs to the rhombohedral crystal class, with 
space group R3c. In bulk BiFeO3 the rhombohedral distortion angle is small (~0.5°), such that   
89.5° resulting in the symmetry of BiFeO3 commonly being referred to as pseudocubic. 
Ferroelectricity in BiFeO3 is the result of the stereochemical activity of Bi 6s lone pair electrons 
on the unit cell A-site, which causes a lattice distortion of Bi atoms relative to the oxygen octahedra 
away from their centrosymmetric positions resulting in spontaneous polarization along the [111] 
crystal direction. In bulk BiFeO3, the eight possible [111] crystal axes are eight-fold degenerate, 
and the spontaneous polarization can assume one of the eight possible vector orientations (defined 
by Bi displacement) within the unit cell, separated by an angle of 71° between [111]-oriented 
vertices of the unit cell. Domain walls in BiFeO3 are commonly referred to by the angle formed 
between the spontaneous polarization vector in adjacent domains, which is either 71°, 109°, or 
180°.  
BiFeO3 is a G-type antiferromagnet, whereby the spins of magnetic Fe
3+ ions are 
antiparallel to all nearest-neighbor Fe3+ ions. Antiparallel spin ordering between adjacent Fe3+ ions 
is supported by the Dzyaloshinskii–Moriya interaction16,17, resulting in a canting of the 
antiferromagnetic spins and a weak net magnetization. The coexistence of ferroelectric and 
ferromagnetic ordering is allowed due to the separation in origin of these respective orders from 
the B-site cation; ferroelectricity originates from the off-center distortions of A-site Bi ions, while 
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ferromagnetism originates from the unpaired, interacting spins of the B-site Fe ions. Since the 
origin of the weak ferromagnetic moment in BiFeO3 is the result of bonding distortion through the 
D-M interaction, the ferromagnetism is therefore related to the structural distortions of the BiFeO3. 
The structural distortions in BiFeO3 arise directly from the off-centering of A-site Bi cations which 
results in the formation of an electrical dipole at the Bi atoms; ferroelectricity and ferromagnetism 
are coupled order parameters in BiFeO3. Figure 2.4 shows the perovskite structure of BiFeO3, with 
arrows drawn to illustrate the directions of the polar (P) and magnetic (M) vector orientations. It 
has been shown that ferroelectric switching of BiFeO3, through reorientation of the polar axis in a 
two-step process, results in the commensurate switching of antiferromagnetic moment in BiFeO3
18, 
as observed by the exchange bias-coupling of antiferromagnetism in BiFeO3 to a ferromagnetic 
CoFe overlayer16.  
The technological promise for electrically-switchable magnetoelectric multiferroics such 
BiFeO3 is immense, particularly in the areas of magnetoelectric logic and spintronic devices. The 
spin ordering of multiferroics opens a pathway to electrically-controlled spintronics, where the 
Figure 2.4: Crystal structure of BiFeO3, with arrows indicating the vector orientations of the 
spontaneous polarization (blue, Ps), and weak magnetization (green, Mc). The two unit cells 
shown have Ps oriented along along [11̅1]pc and along [1̅1̅1]pc, a 71° rotation in-plane.  
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tunneling resistance of a multiferroic junction can be tuned according to the 
ferroelectric/ferromagnetic orientation of the multiferroic film, giving rise to high-resistance and 
low-resistance states reminiscent of giant magnetoresistance devices19–21. Current state-of-the-art 
ferromagnetic memory technology, using spin-transfer torque as the dominant mode of switching 
the magnetic moment and thus the memory state, consumes orders of magnitude more power 
during the “write” operation of a logic bit when compared to the calculated energy to switch the 
ferromagnetic state of a multiferroic such as BiFeO3. The ability to switch the ferromagnetic state 
of a multiferroic material using only an applied electric field16, at logic voltages (< 3 V) with a 
minimal amount of leakage current provides a pathway towards atto-Joule-level logical 
switching22. The electrically conductive properties of ferroelectric and multiferroic domain walls 
in BiFeO3 also provides an opportunity for the read-out of memory cells constructed of BiFeO3
23,24. 
The astonishing amount of potential functionality embedded in the physics of the room-
temperature multiferroic state of thin film BiFeO3 and related materials provides seemingly-
limitless opportunities for investigations into both the functional behavior of the multiferroic state 
as well as the possibility for discovering new modalities of functionality. 
 
2.2.2. Size Effects in BiFeO3 
Integration of BiFeO3 into functional devices necessitates a thorough understanding of 
finite size-effects on critical materials properties such as ferroic order parameter coupling, 
spontaneous polarization and magnetization, and hysteretic coercivity. Eventual application of 
ferroelectric and/or multiferroic materials in will likely require the use of thin films with thickness 
on the order of 10 nm or less, thicknesses that commonly referred to as “ultrathin” and which show 
substantial deviation from bulk-like material properties. Size effects in ferroelectric thin films are 
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the result of both intrinsic and extrinsic effects; a finite volume of ferroelectric material is required 
to support the transverse optical phonon modes that result in cation displacements, and the 
increased surface area-to-volume in nanoscale structures imposes mechanical strain and 
depolarizing fields that destabilize the ferroelectric state25. Theoretical work has suggested that 
ferroelectricity could be stable down to only several unit cells26, which has been seemingly 
confirmed with experimental data on epitaxial thin films27–29, although the origin of the sustained 
ferroelectricity below several nanometers may be extrinsic in origin. In BiFeO3, film thickness has 
been shown to have a substantial impact on ferroelectric domain size and morphology30–33, 
however quantification of the thickness-dependence of the switchable polarization is most critical 
for leveraging functionality from BiFeO3. As the film thickness of a ferroelectric material 
decreases, the magnitude of the depolarizing field originating from unbound surface charges 
increases, which has the action of destabilizing the polar state of the ferroelectric. Most epitaxial 
ferroelectric thin films have a critical thickness that is on the order of 1-2 nm, below which the 
polar state is no longer stable and the switchable functionality is lost. Quantifying the thickness-
dependence of the stability of the polar state in ferroelectric films is of critical importance. The 
thickness-dependence of the spontaneous polarization in BiFeO3 has been investigated in BiFeO3 
using macroscopic measurements34, surface-sensitive electron microscopies35 and piezoresponse 
force microscopy (PFM)28, while PFM has been the only technique employed thus far to measure 
the thickness dependence of the ferroelectric coercive field in BiFeO3 below 40 nm
28,36,37. The 
results of these studies point towards a robust and stable switchable ferroelectric state in BiFeO3 
at thicknesses below 10 nm, however such studies are limited by the uncertainties inherent in 
performing experiments on discretely-fabricated samples, as well as the potential for macroscopic 
measurements to obscure critical details revealed only using truly nanoscale measurements such 
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as PFM. Due to fundamental concerns surrounding the application of ultrathin ferroelectric and 
multiferroic films, a characterization technique is required that can effectively and reliably 
measure the size-dependence of relevant ferroelectric properties.  
 
2.2.3. BiFeO3 Thin Film Heterostructures 
The majority of the experimental research on BiFeO3 during the past decade has been 
focused on BiFeO3 thin films and thin film heterostructures. Advances in thin film deposition 
methods have allowed for extremely high-quality single crystal films to be grown on a variety of 
substrates, the most prominent of which are pulsed laser deposition (PLD) and molecular beam 
epitaxy (MBE). PLD-grown ferroelectric films grown on SrTiO3, DyScO3, GdScO3, and other 
substrates have shown near-perfect coherence of atomic arrangements across the/film substrate, 
which has provided a pathway towards effective and repeatable strain engineering in epitaxial thin 
films38–41. Through careful selection, preparation, or synthesis of a substrate material, a defined 
amount of either compressive or tensile strain can be applied to a thin film material, thereby 
stabilizing non-equilibrium phases of a material through substrate-imposed boundary conditions. 
By imposing epitaxial strain in a material from the underlying substrate, the structural 
configuration (i.e. lattice parameters) of a material can be completely altered, with commensurate 
enhancements (or suppressions) in properties32,42, as well as the emergence of functionalities not 
existent in the unstrained state43. Beyond the selection of substrate material, the preparation of the 
surface of a substrate prior to film growth has been shown to have dramatic effects on the 
ferroelectric properties of BiFeO3 thin films. By preparing a DyScO3 or SrTiO3 substrate to have 
a “miscut” relative to the growth face of the crystal, different modes of epitaxial film growth are 
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induced which in turn result in fundamentally different ferroelectric domain patterns44. Of 
fundamental importance is the ability for epitaxial constraints to suppress the existence of certain 
crystallographic orientations of the spontaneous polarization, resulting in what are referred to as 
4-variant films, where the polarization can occupy any one of the eight [111]pc directions, and 2-
variant films, where four of the eight possible [111]pc polarization directions are forbidden. The 
latter gives rise to stripe-type domain pattern of periodic domain walls where the polarization 
change between adjacent domains is 71° in the plane of the film. Since the spontaneous strain lies 
in the plane of the film for (001)pc-oriented BiFeO3 thin films, 71° domain walls are also referred 
to as ferroelastic domain walls. Figure 2.5 shows the relationship between the appearance of in-
plane 71° domains and the unit-cell level polarization. In Figure 2.5a, the yellow and purple 
Figure 2.5: Ferroelectric polarization of 71° domains in BiFeO3. a) in-plane component of the 
spontaneous polarization (red arrows) across a 71° in-plane domain wall. b) Unit cell 
spontaneous polarization corresponding to the domains in panel a). 
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regions represent adjacent ferroelectric domains separated by a 71° domain wall with the in-plane 
components of the spontaneous polarization indicated by red arrows; the two domains correspond 
to the yellow and purple polar vectors for each unit cell shown in Figure 2.5b. The emergence of 
unique ferroelectric domain morphologies is a result of strain compensation during cooling 
through the improper ferroelastic transition, and such morphologies commonly result in changes 
to the functional properties of BiFeO3, including leakage current density, coercive field, and 
macroscopic measurements of the spontaneous polarization. Because of the high degree of 
epitaxial strain induced in rhombohedral BiFeO3 through epitaxial growth on cubic (SrTiO3) or 
orthorhombic (DyScO3) substrates, it is very common for BiFeO3 to develop a stripe-type 
polydomain pattern to compensate for the epitaxial strain energy. Unique substrate preparations 
have allowed for the fabrication of several types of domain geometries and morphologies defined 
by the relative proportions of 71°, 109°, and 180° domain walls45, as well as the growth of 
monodomain BiFeO3
46, all of which appear to maintain the mechanism of exchange bias with 
ferromagnetic overlayer films, confirming the presence of antiferromagnetism in the BiFeO3 film. 
 
2.3. Atomic Force Microscopy (AFM) 
Atomic force microscopy (AFM) was invented by Binnig, Quate and Gerber in 1986, 
following the development of the Nobel-prize winning invention of the scanning tunneling 
microscope by Binnig and Rohrer in 1981. Since its invention, the atomic force microscope has 
undergone extensive development and specialization, providing nanometer-scale materials 
characterization capabilities in fields as diverse as cellular mechanics, photovoltaics, and polymer 
characterization. The basic principle of AFM is the placement of an atomically-sharp probe 
directly into mechanical contact with a sample, and the transduction of surface interactions through 
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the mechanical bending/deflection of a beam-like cantilever. The AFM probe can be moved in all 
three spatial dimensions through the use of piezoelectric electromechanical actuators. While this 
concept is simple in principle, the AFM cantilever is a precise instrument, able to measure sub-
nanometer surface displacements and control mechanical downforce with piconewton resolution. 
The lateral (spatial) resolution of an atomic force microscope is limited by two factors: the 
geometry of the probe tip and the accuracy of the x/y spatial positioning actuators, while the 
vertical resolution is limited by the z positioning actuator and the sensitivity of the bending 
detector. The typical radius of curvature of a monolithic AFM probe tip between 5 nm and 100 
nm, this is essentially the lateral resolution for contact-based measurements. The AFM uses an 
optical beam deflection detection mechanism for quantifying the amount of bending/deflection in 
the cantilever at any given time. In this detection method, a laser diode is focused into a spot (< 20 
μm diameter) at the end of the cantilever and directly above the apex of the probe tip, and a 
reflective coating on the backside of the cantilever directs the laser light so that it is incident on a 
photo-sensitive detector, where the exact position of the laser spot (in two dimensions) can be 
determined. Any bending of the cantilever is captured as movement of the laser spot on the 
photodetector. The change in position of the laser spot is directly related to the cantilever motion, 
and through an optical calibration the exact cantilever deflection can be recorded and reported at 
high speeds (~10 kHz). Through Hooke’s law the cantilever deflection can be used to calculate the 
downforce acting on a solid surface imposed by an AFM tip, 
𝑭 = 𝑘 ∙ ∆𝑧 2.4 
where F is the downforce under the AFM probe tip, k is the effective spring constant of the 
cantilever in bending, and Δz is the bending of the cantilever (relative to the unloaded position). 
The total force acting on the surface of the sample is the sum of all of the forces present at both 
 21 
 
the probe tip and non-local forces emanating from the proximity of the cantilever to the surface. 
Additional forces that are commonly present during AFM operation are electrostatic forces caused 
by static charge between the sample surface and both the cantilever and the “cone” region of the 
probe, magnetic forces in the case of magnetic samples and/or magnetic probes, Van der Waals 
forces and capillary forces. At high downforces, the bending force is dominant and the resulting 
image contrast is completely formed through atomic-level repulsion between atoms at the apex of 
the AFM probe tip and the sample surface.  
 AFM can be operated in one of two primary modes: spectroscopic mode and scanning 
mode. Spectroscopic operation of the AFM involves positioning the probe tip at a single location 
in the x-y (lateral) plane while providing a variable stimulus to the sample such as downforce or 
electrical bias and measuring the response. While the spectroscopic mode is utilized heavily for 
both electrical and nanomechanical characterization, all of the work presented in this dissertation 
was obtained using the AFM in scanning mode and thus a thorough treatment of spectroscopic 
AFM methods will be omitted. In scanning mode, the probe tip is raster- or spiral-scanned across 
a sample surface, and the deflection of the cantilever is recorded as a function of position. The 
deflection data is used to both provide high-resolution images of the surface topography of a 
sample, as well as an input to the AFM controller that allows the microscope to operate across the 
imaging field of view at a constant mechanical downforce. In constant downforce mode, the real-
time deflection of the cantilever is input into a control algorithm that adjusts the z height of the 
cantilever to compensate for changes in the surface topography as the cantilever scans across the 
surface. The entirety of the AFM results in this dissertation were acquired in contact mode, as 
opposed to intermittent or non-contact modes. Contact mode AFM is defined by the positive 
contact between the AFM and sample surface during scanning, and was chosen due to its ability 
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to simultaneously induce and measure electrical signals directly as a function of spatial position 
on the sample. Intermittent contact and noncontact modes involve oscillating the cantilever at 
either the fundamental free resonance frequency or a higher eigenmode and placing the cantilever 
close enough to the surface that it interacts with the surface directly (intermittent contact) or 
indirectly (noncontact). Figure 2.6 shows a schematic illustration of an AFM system operating in 
contact with a BiFeO3 thin film heterostructure. The green lines represent the optical path of the 
laser diode, and the red lines represent input/output feeds from the microscope to the microscope 
controller. The long axis of the cantilever is aligned along the [001]pc direction of BiFeO3, and 
stripe-type contrast of 2-variant BiFeO3 (with associate polar vectors in red) is provided for 
visualization of the experimental geometry used for the majority of this dissertation.  
Figure 2.6: Schematic illustration of an AFM system in contact with a BiFeO3 thin film 
heterostructure. Green lines: optical path of the laser diode, red lines: controller input/output. 
Red arrows represent the polar vectors of BiFeO3 domains.  
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The vast majority of AFM systems in operation today employ probes that are formed from 
monolithic single-crystal silicon, and consist of two primary parts: a beam-like cantilever with a 
pyramidal-shaped probe located at one end of the cantilever that terminates with near-atomic 
sharpness. Different probe materials, coatings, and geometries are commercially available to 
satisfy specific experimental requirements. All of the AFM data presented in this thesis was 
acquired at reasonably high downforces to optimize functional contrast during piezoresponse force 
microscopy and conductive atomic force microscopy, therefore probes with good mechanical wear 
characteristics and electrical conductivity were necessarily employed. Silicon probes with 
chemical-vapor-deposited boron-doped synthetic diamond were chosen for this work, as they meet 
the functional requirements imposed by both normal topographic imaging, as well as high-speed 
and tomographic electrical measurements.  
Two specific modes of AFM operation will be heavily employed in the work presented 
within this dissertation. The first is piezoresponse force microscopy (PFM), a contact-mode AFM 
imaging technique whereby an oscillating (AC) voltage signal is sent to a conductive AFM probe 
in contact with a piezoelectric material. If the sample is piezoelectric, the sample elicits a surface 
strain in response to the applied field in accordance with the converse piezoelectric effect; the 
resulting surface displacements can be detected by the AFM cantilever using lock-in amplification 
techniques and quantified in order to provide local electromechanical imaging contrast47–49. In 
addition to measuring the magnitude of the piezoelectric surface displacements, PFM can detect 
the relative phase, or “sign” of the local electromechanical oscillations in response to the applied 
voltage. In this way, ferroelectric domains can be resolved owing to the opposite sign of 
piezoresponse phase on regions with [001] and [001̅] spontaneous polarization. The second AFM-
based technique has been employed in this dissertation is conductive atomic force microcopy 
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(CAFM). CAFM is another contact-based imaging mode, where a conductive cantilever is 
connected to a picoammeter and the electrical current flowing through the AFM probe are 
quantified through the operation of a transimpedance amplifier. Local electrical response of a 
sample can be measured by applying one or a series of DC voltage biases across the sample, 
between a conductive back plane and the AFM probe. PFM and CAFM modes may be operated 
simultaneously under the proper imaging conditions and electrical parameters.  
 
2.4. Experimental Details 
The entirety of the work presented in this dissertation was completed on two epitaxial 
BiFeO3 thin film heterostructures supplied by the research group of Ramamoorthy Ramesh at the 
University of California, Berkeley. BiFeO3 (001)pc / SrRuO3 (001)pc heterostructures were grown 
epitaxially on DyScO3 (110)o substrates using pulsed laser deposition, with nominal thicknesses 
of 120 nm and 10 nm, respectively for both samples. Pulsed laser deposition was performed using 
a KrF laser at a repetition rate of 8 Hz with a laser fluence of 1.1 J cm−2. The deposition of BiFeO3 
occurred using a substrate temperature of ~690 °C in a 100 mTorr oxygen environment. The 
SrRuO3 layer functions as a conductive electrode which provides an efficient current and 
grounding path for scanning probe electrical measurements. The structure of the BiFeO3 film was 
confirmed using x-ray diffraction, and cross sectional TEM was used to verify thickness of the as-
grown BiFeO3 and SrRuO3 films. High-resolution TEM, high-angle annular darkfield (HAADF) 
scanning TEM (STEM) and energy dispersive x-ray spectroscopy (EDXS) were performed on an 
Thermo-Fisher Scientific FEI (Hillsboro, OR USA) Talos F200X microscope operating at an 
accelerating voltage of 200 kV and equipped with an Amptek (Bedford, MA USA) Super-X SDD 
EDXS detector.  
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Single-frequency and dual-frequency PFM was performed in ambient conditions at the first 
eigenmode of the tip-sample contact resonance on an Oxford Instruments Asylum Research (Santa 
Barbara, CA USA) Cypher S atomic force microscope, in conjunction with a Zurich Instruments 
(Zurich, Switzerland) HF2LI lock-in amplifier. The long axis of the cantilever was aligned parallel 
to the [100]pc BiFeO3 direction in all PFM experiments except for the 4-variant tomography in 
Chapter 6; there the cantilever was orientated along the [010]pc direction. NanoSensors 
(NanoWorld, Neuchâtel, Switzerland) conductive diamond-coated probes were used throughout 
the experiments. NanoSensors CDT-type probes exhibit nominal stiffness k = 24 N m-1 and 
resonance frequency ω0 = 325 kHz. Probe current is detected during AFM using an Oxford 
Instruments Asylum Research ORCA module with an amplifier gain of 109. A list of the imaging 
parameters used during the experiments presented in this dissertation is shown in Table 2.1. 
Table 2.1: Typical cantilever properties and AFM imaging parameters employed for 
investigation of ferroelectric properties in BiFeO3 films. 
Parameter Value  
Cantilever Type 125 μm Si, B-doped diamond coating  
Cantilever Properties ωair = 380 kHz, k = 35 N m-1  
Scan Downforce 0.5 – 1.5 μN (contact mode)  
Scan Speed 5 – 10 line s-1  
PFM Imaging Frequency 2.2 MHz (ω3), 2.9 MHz (ω1) 
 
 
PFM Imaging Amplitude 1.0 V (ω3), 1.0 V (ω1) 
 
 
DC Electrical Bias –8 V (min.), +8 V (max.)   
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Figure 2.7 shows the surface topography and in-plane piezoresponse for both the 2-variant 
and 4-variant thin film samples used in this dissertation. Figure 2.7a-b corresponds to the 2-variant 
BiFeO3 and Figure 2.7c-d corresponds to the 4-variant BiFeO3. The “sheets” visible in the 
topography of both sample are [001]pc atomic planes; both samples are nearly atomically flat as 
evidenced by the z scale of 2 nm. The “step flow” and “step bunching” growth mechanisms are 
clearly visible in the topography of the 2-variant and 4-variant samples, respectively. The atomic 
terraces in the 2-variant sample (Figure 2.7a) are characterized by nearly-parallel sheets of growth 
steps, while in the 4-variant sample (Figure 2.7c) the terraces form into peaks. The growth 
mechanics of these BiFeO3 samples produces the different ferroelectric domain morphologies 
visible in Figure 2.7b and 2.7d; step-flow growth results in the stripe-type domain configuration 
Figure 2.7: As-grown topography and domain morphology of BiFeO3 thin films. a) Topography 
and b) in-plane piezoresponse for h = 120 nm, 2-variant BiFeO3. c) Topography and d) in-plane 
piezoresponse for h = 120 nm, 4-variant BiFeO3.  
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shown in Figure 2.7b, and step-bunching growth results in the three-color contrast produced from 
the occupation of all eight possible [111]pc polarization orientations. 
Table 2.2 provides information regarding the relationships between PFM measurements 
and the crystallographic orientation of the spontaneous polarization employed in this dissertation. 
As stated previously, the piezoresponse phase signal is a direct measurement of the vector 
component of the spontaneous polarization of a material at the location of the probe tip; torsional 
piezoresponse detects in-plane polarization vector components, and normal/deflection 
piezoresponse detects out-of-plane polarization vector components. With the AFM cantilever 
aligned along the [100]pc crystal direction on the 2-variant BiFeO3, the in-plane piezoresponse 
phase is a high-confidence measurement of the underlying spontaneous polarization, which is 
defined by the crystallography of BiFeO3. For this dissertation, the subscripts “3” and “1” will be 
used to identify the out-of-plane and in-plane polarization components, respectively. PFM 
detection of the piezoresponse phase has been calibrated so that the phase signals of oppositely-
oriented spontaneous polarization (e.g. P3- and P3+), which by definition respond as out-of-phase 
signals during PFM with π radians/180° separation, are centered around zero resulting in 
measurement values of -π / 2 and +π / 2. 
Table 2.2:  Naming convention for the spontaneous polarization, crystallography, and associated 
PFM signals observed in BiFeO3. 
Property Symbol(s) Crystallography 
PFM 
Signal 
PFM 
Value (rad) 
Out-of-plane (normal) Ps P3– , P3+ [x x 1̅]pc , [x x 1]pc 𝜙3
𝜔 -π / 2 , π / 2 
In-plane (lateral) Ps P1– , P1+
 [1̅ x x]pc , [1 x x]pc 𝜙1
𝜔 -π / 2 , π / 2 
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3. Tomographic Atomic Force Microscopy of Ferroelectric Domains in 
BiFeO3 
The focus of this chapter is to provide a practical overview of the experimental method of 
tomographic atomic force microscopy. Tomographic AFM methods have been reported on for 
other material systems1,2, however the experimental challenges of performing probe-based 
tomographic on a high-modulus material such as BiFeO3 require additional experimental 
considerations and data post-processing techniques. A review of the existing literature on three-
dimensional tomography of ferroelectric materials is provided, followed by a brief overview of the 
basic principle of AFM tomography. The remainder of the chapter is dedicated to the processing 
of tomographic AFM data as well as the validation of the results obtained through tomographic 
AFM. The mechanics of probe-based milling have been extensively studied previously3–5; this 
chapter will be dedicated to the application of these findings in order to collect and analyze three-
dimensional functional properties of BiFeO3 thin films.  
 
3.1. Optical Tomography of Ferroelectric Domains 
Tomographic microscopies are experimental analysis techniques which allow for three-
dimensional imaging and reproduction of sample features. The most widely-employed 
tomographic microscopy is x-ray micro-computed tomography (microCT), an optical technique 
which irradiates a macroscopic specimen with x-rays and computes the three-dimensional 
reconstruction using a combination of sample position and relative x-ray intensity that has been 
transmitted through the specimen at micron-scale spatial resolution. X-ray microCT has found 
extensive applications in both the life and physical sciences, in the realm of physical sciences is 
frequently employed for determination of the size, location, morphology, and chemical speciation 
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of crystal grains and defect structures in composites, alloys, and multi-component systems. Recent 
advances in soft and hard x-ray imaging using high-intensity sources as well as x-ray ptychography 
have resulted in substantial improvements in the spatial (i.e. volumetric) resolution of x-ray-based 
tomographic techniques6,7 and have begun to quantify material properties such as chemical state8 
and magnetization9 at length scales below 100 nm. Electron tomography is another tomographic 
microscopy that is commonly employed in the physical sciences, providing three-dimensional 
imaging capabilities that exhibit the same advantages of planar TEM imaging, i.e. atomic 
resolution and chemical specificity. Recent developments in electron tomography have allowed 
for chemical species identification of embedded structures10,11, nanoparticles12,13, and atomically-
precise three-dimensional position determination of atoms in a solid with no assumed 
crystallinity14. Although electron tomography methods have proven to be extremely powerful, the 
precision is achieved in extremely small specimen volumes, and is not readily extensible to larger 
specimens. In particular, atomic-resolution scanning TEM has been used to two-dimensionally 
map sub-angstrom atomic displacements in ferroelectric oxides for the quantification of atomic-
level spontaneous polarization15–17 along a common reference plane, however volumetric mapping 
of polarization has yet to be reported due to substantial experimental challenges.  
Tomographic studies that have resolved domains of ordered spontaneous polarization in 
ferroelectric materials have been reported primarily in bulk single crystals using optical 
techniques. Coherent photorefractive coupling of incident optical beams has been used to view 
180° domains in BaTiO3 throughout the thickness of a bulk crystal
18, and optical coherence 
tomography was reported for mapping static domains and observing time-resolved ferroelectric 
domain writing with an electric field in LiNbO3 at a spatial resolution of approximately 0.6 μm19. 
Second harmonic generation (SHG) has been employed in several instances for quantifying 
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complex domain wall morphologies in LiNbO3
20,21 revealing unique structure and geometry that 
sheds light on the complex electronic properties commonly present at ferroelectric domain walls. 
Optical coherence and SHG measurements rely on conventional optical imaging apparatus and 
detection (non-ptychographic) and as a result have a minimum spatial resolution of no less than 
500 nm, which essentially prohibits these techniques from resolving complex ferroelectric 
polarization/domain morphologies in technologically-relevant thin films (<200 nm thickness). 
Three-dimensional imaging of vortices in the spontaneous polarization of BaTiO3 nanoparticles 
has recently been reported using coherent x-ray diffraction at a spatial resolution of 20 nm, the 
highest resolution tomography of ferroelectric materials to date. When implemented for imaging 
of ferroelectric domains, tomography atomic force microscopy is as a complementary technique 
to the above-mentioned tomographic microscopies that improves the spatial resolution of 
tomographic property measurements in ferroelectric materials.  
 
3.2. Tomographic Atomic Force Microscopy 
Tomographic AFM is the process in which an AFM probe, through application of 
micronewton-scale downforces, performs controlled mechanical removal (machining) of a 
specimen surface while simultaneously or sequentially recording specimen properties with the 
scanning probe. When applied to thin films, the sequence of conventional AFM scans taken at 
continually decreasing film thickness provides a three-dimensional dataset throughout a fraction 
or the entirety of a film that is referenced to high-accuracy x, y, and z position data from the AFM. 
AFM-based machining methods have been reported for nanomechanical tooling3–5 and fabrication 
of electron devices22–24, and the few reports of tomographic AFM have characterized only 
electrical conductivity2,25,26. Figure 3.1 shows a schematic illustration of the application of 
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tomographic AFM using PFM for the measurement of ferroelectric domains in the oxide 
multiferroic BiFeO3. The sloped topography of the BiFeO3 film in Figure 3.1a provides a 
simplified visual representation of the progression of tomographic AFM; the subtractive nature of 
tomographic AFM processing commonly creates thickness gradients during tomographic 
experiments. BiFeO3 (001)pc / SrRuO3 (001)pc heterostructures were grown epitaxially on DyScO3 
(110)o substrates using pulsed laser deposition, with nominal thicknesses of 120 nm and 10 nm, 
respectively. The SrRuO3 layer functions as a conductive electrode which provides an efficient 
current and grounding path for scanning probe electrical measurements. Signal routing has been 
included to indicate the operation of PFM and CAFM modes during tomography. Stripe-type 
contrast in BiFeO3 represents ferroelectric domains with spontaneous polarization along [1̅11̅]pc 
and [1̅1̅1̅]pc, as indicated by red arrows. Figure 3.1b shows an unprocessed, as-grown BiFeO3 
heterostructure, for reference.  
Figure 3.1: Schematic of computed tomography atomic force microscopy (CT-AFM) on a 
BiFeO3/SrRuO3/DyScO3 thin film heterostructure. a) PFM with probe current detection on a 
BiFeO3 surface that has been prepared using CT-AFM, showing variable topography of BiFeO3 
and SrRuO3 resulting from CT-AFM. b) Unprocessed, as-grown BiFeO3 heterostructure. 
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In this work, an 11.4 µN mean probe downforce throughout the tomographic experiment 
produced a mean vertical removal rate of 4.2 Å per frame. The applied probe downforce was 
sufficiently low as to prevent mechanically-induced ferroelectric or ferroelastic switching27, but 
within the strong indentation regime for optimization of PFM contrast via minimization of non-
local electrostatic interactions28. Figure 3.2 shows a three-dimensional rendering of the 
tomographic process, where the in-plane piezoresponse contrast has been overlaid on the surface 
topography for four different frames at decreasing film thickness during the tomographic 
experiment on h = 120 nm, 2-variant BiFeO3. The subtractive nature of tomographic AFM is 
readily evident in Figure 3.2; the upper frame (h = 120 nm) as acquired at the start of the 
tomographic experiment, while the lower frame (h = 20 nm) was acquired near the end of the 
tomographic experiment, near the point at which the BiFeO3 was completely removed within the 
field of view and the SrRuO3 back electrode was revealed. Figure 3.3 shows the surface topography 
of BiFeO3 following tomographic AFM, clearly indicating the complete removal of h = 120 nm 
Figure 3.2: Three-dimensional rendering of tomographic AFM of h  = 120 nm, 2-variant 
BiFeO3. Piezoresponse amplitude is overlaid on surface topography (z) at four distinct imaging 
frames during tomographic AFM. 
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BiFeO3 throughout a 10 μm-long area. Using the data presented in Figure 3.2, a preliminary 
viewing of the three-dimensional dataset produced from AFM tomography of the h = 120 nm, 2-
variant BiFeO3 can be made. Figure 3.4 shows an x-z cross section of the raw, unprocessed 
tomographic AFM data of BiFeO3 taken at y = 0.3 μm in Figure 3.2. The cross-section of the three-
dimensional data in Figure 3.4 is analogous to the viewing of TEM cross-sectional images, and in 
this case would be along the [010]pc zone axis. Figure 3.4a shows the in-plane piezoresponse (a.u.) 
and Figure 3.4b shows the simultaneously-acquired probe current of BiFeO3 as a function of frame 
(ordinate axis) during the tomographic AFM experiment.  
At approximately frame 320 in Figure 3.4, an abrupt change in the imaging contrast of both 
the piezoresponse (Figure 3.4a) as well as the probe current (Figure 3.4b) is observed; this indicates 
the interface between the BiFeO3 and SrRuO3 films. In the piezoresponse cross-section, a loss of 
the stripe-type domain structure is commensurate with an abrupt decrease in the piezoresponse 
Figure 3.3: Surface topography of h = 120 nm BiFeO3 following tomographic AFM. a) spatial 
map of topography relative to the as-grown surface (z = 0 nm), b) line scan taken from panel a) at 
y = 2.0 μm. 
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amplitude to noise-limited values. This reduction in contrast strongly indicates the complete 
removal of BiFeO3, however without additional knowledge this effect could be the result of 
substantial BiFeO3 film damage at h < 10 nm. To ensure accuracy of the z-component of the 
tomogram, probe current is simultaneously measured to locally detect the zero-thickness position 
of the BiFeO3 film, i.e. breakthrough to the conductive SrRuO3 back electrode. Probe current is 
detected during tomographic AFM using an Oxford Instruments Asylum Research ORCA module 
with an amplifier gain of 109. Complementary probe current data provides a strong indication of 
the exact location of the SrRuO3 film in the z-dimension; the high conductivity of SrRuO3 relative 
to BiFeO3 provides a robust and unambiguous method for establishing the z position of the 
BiFeO3/SrRuO3 interface. The tomographic data shown in Figure 3.2 and Figure 3.4 was 
completed with an applied DC voltage bias, which ensures a strong probe current response when 
the probe is in contact with the SrRuO3 electrode. While the piezoresponse contrast is uniform 
while imaging the BiFeO3 film throughout the tomographic experiment, the apparent geometry of 
Figure 3.4: x-z cross-section of un-reconstructed, raw tomographic AFM of 2-variant BiFeO3 at 
y = 0.3 μm from Figure 3.2. a) in-plane piezoresponse, b) AFM probe current. 
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the BiFeO3/SrRuO3 interface is not horizontal (i.e. not along the (001)pc plane), as is expected for 
high-quality PLD-grown ferroelectric oxide films. The cause of this behavior is heterogeneous 
material removal rates throughout the imaging field of view, such that the BiFeO3 is completely 
removed at different imaging frames as a function of x position. For the data shown in Figure 3.4, 
the material removal rate was more rapid at x = 0.0 μm than x = 5.0 μm, for example, giving the 
appearance of a canted SrRuO3 back electrode. TEM evidence clearly indicates that the surface of 
the film is parallel to the BiFeO3-SrRuO3 interface; this finding precludes the ability to use the 
imaging frame as a proxy measurement for the z position during the tomographic experiment.  
 
3.2.1. Volumetric Reconstruction of Tomographic AFM 
Since it has been demonstrated that the imaging frame is insufficient in providing an 
accurate measurement of the z-position during the tomographic AFM experiment, actual z-position 
data from the atomic force microscope must be used to supply the tomographic dataset with 
corresponding spatial position data. To produce a three-dimensionally accurate tomogram that 
accounts for the evolution of non-planar topography during tomographic AFM, a spatial 
reconstruction algorithm employing weighted linear interpolation of (x, y, z) position data must be 
used to map the simultaneous PFM response of BiFeO3 onto a three-dimensional rectilinear grid 
with x, y, z axes parallel to the [100]pc, [010]pc, and [001]pc crystal axes, respectively. Prior to 
completing a tomographic reconstruction, the (x, y, z) position for each imaging pixel of the 
tomographic AFM datasets must be assigned. The determination of the x, y position of an imaging 
pixel is a straightforward procedure; imaging pixels in the atomic force microscope are separated 
by intervals defined in the software, and are consistent frame-to-frame. Lateral, x-y drift has been 
corrected through conventional means (translation only) to remove the effects of thermal drift of 
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the AFM scanning hardware. As of this writing, there are two methods to assign the z-position for 
a given imaging pixel, direct use of AFM z scanner data or creation of “artificial” height data using 
the position of the BiFeO3/SrRuO3 interface. 
Figure 3.5 shows the evolution of the z position as a function of imaging frame during 
tomographic AFM of 2-variant BFeO3, presented as a two-dimensional histogram. As noted 
before, the film thickness is h = 120 nm, and the tomographic experiment cleared the entirety of 
the BiFeO3 starting around frame 320. Figure 3.5a shows the raw z-position data as it has been 
extracted from the AFM; immediately evident is the positive change in topography during a 
subtractive tomographic experiment (confirmed in Figure 3.3). The cause of the incorrect z-
position data is thermal drift of the piezoelectric z-scanner/actuator, and is similar to that seen in 
the x-y position data. In order to use the z position data from the z scanner, the drift effects must 
be corrected and compensated for. This is achieved by quantifying the time-dependent z position 
of the as-grown film surface prior to the start of subtractive tomography and applying this drift 
rate to the entire tomographic dataset, an approach which is valid only if the calculated drift is 
Figure 3.5: Two-dimensional histograms plotting the evolution of surface topography (z) during 
tomographic AFM. a) Raw, uncorrected z data, b) drift-corrected z position. 
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constant throughout the entire tomographic experiment. Figure 3.5b presents the z-drift-corrected 
z-position data, showing the as-grown film at z = 120 nm, and continuously decreasing z position 
as is expected during the tomographic experiment. Also apparent is the spreading of the z position 
as a function of imaging frame during tomography, which is the direct result of differential material 
removal rates throughout the field of view and thus creating greater effective surface topography 
(roughness) as a function of imaging frame.  
The z position data shown in Figure 3.5b displays a substantial deviation in the otherwise 
smoothly-varying change in z position at approximately frame 300, the approximate frame at 
which the SrRuO3 is partially revealed within the imaging field of view. The presence of the 
SrRuO3 in direct contact with an electrically-biased AFM cantilever changes the electrostatic 
boundary conditions of the tip-sample interface substantially, and likely superimposes and 
additional non-localized electrostatic force between the tip and sample. The result is that the 
topographic z-position data is compromised by the presence of SrRuO3 within the imaging field 
of view, which precludes the use of the z position data in Figure 3.5b below approximately h = 20 
nm (z = ~20 nm at x = 5.0 μm when the SrRuO3 is revealed, h = 0¸ at x = 0.0 μm). With the drift-
correct piezoelectric scanner position data compromised and no other source of topographic 
information to perform a three-dimensional tomographic reconstruction of the PFM and CAFM 
data on BiFeO3, the remaining option is to manually create an “artificial” z position array using 
some a priori knowledge of material removal rates during tomographic AFM. The method that 
has been employed in this dissertation for the creation of manual z-position data relies on the 
assumption that for each imaging pixel, the material removal rate is constant between the start of 
the tomographic experiment and the imaging frame at which the BiFeO3 has been completely 
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removed and the conductive SrRuO3 electrode is revealed. Figure 3.6a shows a spatial map of the 
imaging frame at which the SrRuO3 is revealed, determined by when the probe current has 
surpassed a defined threshold value. The value is determined on a pixel-by-pixel basis, and using 
the data presented in Figure 3.6a the change in z-position data as a function of imaging frame can 
be calculated, again assuming a linear material removal rate for that pixel. Figure 3.6b shows the 
result of the manual z-position scheme, where the frame average of the manually-derived z-
position (solid red line) is compared directly with the frame average of the drift-corrected z-
position data shown in Figure 3.5b. The assumption of linear material removal rate on a per-pixel 
basis appears to be valid, owing to the good agreement between the drift-corrected data and the 
manually-derived data. The primary benefit of the artificial z-position data is the lack of a 
topographic anomaly at near imaging frame 300, when the SrRuO3 electrode is revealed. For this 
reason, all tomographic reconstructions of BiFeO3 shown in this dissertation will be reconstructed 
using artificial z-position data using the method as-described.  
Figure 3.6: Manual construction of artificial z-position data for tomographic AFM of 2-variant 
BiFeO3. a) spatial map of the frame at which the BiFeO3 is completely removed, b) comparison 
of drift-corrected z-position data (blue circles) and the manual z -position data (solid red line). 
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In order to create spatially-accurate volumetric tomograms from tomographic AFM data, 
a spatial reconstruction algorithm employing weighted linear interpolation of (x, y, z) position data 
is used to map the simultaneous PFM and CAFM response of BiFeO3 onto a three-dimensional 
rectilinear grid with x, y, z axes parallel to the [100]pc, [010]pc, and [001]pc crystal axes, 
respectively. The purpose of the reconstruction is the remove the canted appearance of the 
BiFeO3/SrRuO3 interface created when viewing x-z cross sections of the tomographic data that 
resulted from homogenous material removal rates throughout the imaging field of view. By using 
proper z-position data and not relying on homogeneous material removal during tomographic 
AFM, the location of the BiFeO3/SrRuO3 should always be well-defined at a BiFeO3 thickness of 
z = 0 nm. The reconstruction algorithm effectively “paints” the functional imaging channels (PFM 
and CAFM) onto a grid using the manually-derived z-position data, resulting an a dense volume 
(z spacing not greater than 1 nm) of data that can be visualized three-dimensionally. Figure 3.7 
shows an isometric projection of a volumetric tomogram produced from reconstructed 
piezoresponse of h = 120 nm, 2-variant BiFeO3 (from Figiure 3.2). The z dimension in Figure 3.7 
is expanded by a factor of ~15 for improved viewing of the x-z cross-sectional domain geometry. 
Figure 3.7: Volumetric reconstruction of tomographic PFM data from h = 120 nm, 2-variant 
BiFeO3. x scale = 3.5 μm (z-dimension magnified ~15x for viewing).  
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The stripe-type domain pattern in the PFM contrast indicates 71° ferroelectric/ferroelastic domains 
with polarization orientations [1̅11̅]pc and [1̅1̅1̅]pc. A slight x-shift in the domain configuration (~ 
-100 nm) indicates the presence of domain walls that are tilted from the [001]pc direction, an 
observation confirmed by TEM of equivalent specimens29. The average spatial resolution and 
voxel size for the tomogram presented in Figure 3.7 is 10.9 nm and 19.9 nm3, respectively, the 
highest reported three-dimensional resolution for materials properties to date. Both the 71° 
ferroelastic domain walls as well as “bifurcations” (i.e. defects) in the stripe pattern proceed 
throughout the entirety of the thickness of the film along the [101]pc direction. At depths below 
120 nm (the BiFeO3 film thickness) from the as-grown surface, an abrupt change in the PFM 
contrast from stripe-type domains to a uniform noise-limited signal indicates the complete removal 
of BiFeO3 and the presence of either non-piezoelectric SrRuO3 or DyScO3. The BiFeO3/SrRuO3 
interface appears sharp and well-defined throughout the field of view in the tomograms of both 
piezoresponse and probe current. This is consistent with the atomically-precise interfaces 
commonly observed in epitaxial heterostructures synthesized using pulsed-laser deposition. 
Figure 3.8 shows representative x-z cross sections of the reconstructed tomographic data 
from Figure 3.7, showing both the through-thickness domain geometry (Figure 3.8b) and the 
enhanced conductivity of SrRuO3 (Figure 3.8c). For reference, the cross-sections shown in Figure 
3.8 are similar to those in Figure 3.4, however note the flatness of the BiFeO3/SrRuO3 interface 
produced through tomographic reconstruction, in contrast with the canted interface shown in 
Figure 3.4. White arrows in Figure 3.8 indicate the locations of domain “bifurcations”, as seen in 
Figure 3.7 and Figure 3.8a, revealing geometry that is nearly colinear to the [101]pc direction. 
Similar to Figure 3.7, the z-scale has been expanded by a factor of ~15 in Figure 3.8b-c. The 
observation of canted through-thickness geometry of ferroelectric domains in 2-variant BiFeO3, as 
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well as the successful reproduction of a flat BiFeO3/SrRuO3 film interface that is parallel to the 
film surface from tomographic AFM data, provides strong evidence that both the use of the 
artificial z-position data as well as the results of the three-dimensional reconstruction algorithm 
employed are effective methods for creating accurate tomograms from tomographic AFM data, 
providing the opportunity to perform quantitative analysis of the thickness dependence of 
ferroelectric properties, as will be presented in later chapters of this dissertation.  
 
3.2.2. in situ Calculation of AFM Probe Quality 
It is critical to minimize sub-surface film damage during tomographic AFM in order to 
maintain the fidelity of local measurements throughout the experiment. The relative frame-to-
Figure 3.8: a) Plan view (x-y) image of piezoresponse on BiFeO3 at thickness h = 120 nm, 
showing stripe-type domain contrast of [1̅11̅] and [1̅1̅1̅]-oriented ferroelectric domains. b) x-z 
cross sectional image of piezoresponse on the BiFeO3 heterostructure tomogram taken at y = 
0.55 μm (white dashed line) from panel a). c) Complementary x-z cross sectional image of probe 
current from the BiFeO3 heterostructure tomogram, also taken at y = 0.55 μm in panel a).  
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frame magnitude of the piezoresponse provides an in situ indication of local crystal quality30; 
constant piezoresponse measured at a tip-sample contact resonance frequency implies no relative 
changes to the crystal structure within the electromechanical excitation volume of the PFM 
measurement. Figure 3.9 shows the mean in-plane piezoresponse per frame (solid blue line) as a 
function of mean BiFeO3 film thickness (h) measured in situ during tomographic AFM, which 
increases by ~26% over the course of the experiment. In contrast, a degradation of crystal quality 
generally presents as a strong reduction in piezoresponse. The magnitude of piezoresponse is 
known to be a function of cantilever downforce28, here mean cantilever downforce per frame (solid 
red line) is shown to increase commensurately by ~17% during the tomographic AFM experiment; 
the increase in piezoresponse contrast is attributed to the increase in probe downforce. A large 
deviation in the piezoresponse is observed at a mean BiFeO3 film thickness of 23 nm, which 
Figure 3.9: Determination of PFM measurement fidelity during tomographic AFM of 2-variant 
BiFeO3. In-plane piezoresponse amplitude (solid blue line) and cantilever deflection (solid red 
line) as a function of film thickness during the tomographic experiment (lower h occurs at later 
imaging frames).  
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indicates when the underlying SrRuO3 film has been partially revealed within the imaging field of 
view during tomographic AFM, altering the electrostatic boundary conditions present during PFM 
imaging. Using a model proposed by Maksymovych, et al. (2012)30, the piezoresponse across a 
ferroelectric domain wall can be used to measure the radius of the imaging probe. According to 
this model, the piezoelectric surface displacement can be written as 
𝑢(𝑥) = 𝑢0 + 𝛼 [
3
4
(𝑑33 + 𝑑31 (
1
3
+
4
3
𝜈)) ∙
(𝑥 − 𝑥𝑜 𝑟⁄ )
|(𝑥 − 𝑥𝑜 𝑟⁄ )| + 1 4⁄
+
1
4
𝑑15
(𝑥 − 𝑥𝑜 𝑟⁄ )
|(𝑥 − 𝑥𝑜 𝑟⁄ )| + 3 4⁄
] 3.1 
where u is the piezoelectric surface displacement, x is the position relative to the domain wall, dij 
are the piezoelectric coefficients, and  is the Poisson ratio. r is defined as r = 2RD / π, where RD 
is the calculated value of the AFM probe radius, which has been modeled as a point charge in 
contact with a dielectric. The piezoresponse of domain walls in 2-variant BiFeO3 visible in Figure 
3.2 as well as in Figure 3.8 have been used for this calculation. Assuming values of the 
piezoelectric coefficients for commercially-available PZT-5a (d15 = 584 pm/V, d31 = -171 pm/V, 
d33 = 374 pm/V) and fitting Equation 3.1 to the spatially-averaged response of all domain walls in 
a given imaging frame, for all images in the tomographic sequence produces the result in Figure 
3.10a. The solid blue and dark blue lines represent the leading and trailing edges of domain walls, 
respectively, and the solid red line is an example fit of the data according to Equation 3.1. Strong 
clustering of the sigmoid-type behavior of the domain walls is observed, with the diminished 
piezoresponse of ~5 domain wall series arising from the influence of the partially-revealed SrRuO3 
electrode at h < 20 nm. Figure 3.10b shows the probe radius that has been extracted as a fitting 
parameter for Equation 3.1 as a function of BiFeO3 film thickness. The calculated probe radius is 
higher than expected, this could be the result of improper assumptions for the piezoelectric 
 44 
 
coefficients, since limited data exists for the high-accuracy measurements of the piezoelectric 
coefficients of epitaxial BiFeO3 thin films. Regardless of the absolute value of the probe radius, 
the trend of the calculated probe radius with respect to BiFeO3 film thickness is most important in 
understanding any possible degradation of the AFM probe during tomographic AFM. The 
thickness-dependence of the probe radius calculated using in-plane piezoresponse of BiFeO3 and 
Equation 3.1 shows very little change in the apparent probe radius during the tomographic 
experiment (decreasing h), except below h = 20 nm which is when the SrRuO3 electrode is revealed 
and the piezoelectric contrast of domain walls is compromised, resulting in low-quality fits of 
Equation 3.1. The result of the analysis presented in Figure 3.10 is a high-confidence in the stability 
of the AFM probe, as well as the crystal structure at the surface of BiFeO3 during tomographic 
AFM.  
Figure 3.10: Calculation of probe radius as a function of BiFeO3 film thickness during 
tomographic AFM. a) averaged piezoresponse across the leading edge (blue lines) and trailing 
edge (dark blue lines) of all domain walls within an imaging frame. b) Calculated probe radius 
using piezoresponse data as a function of BiFeO3 film thickness, h.  
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3.3. Post-Tomography Electron Microscopy of BiFeO3 
To verify the spatial fidelity of the tomographic PFM data, transmission electron 
microscopy (TEM) was performed on the BiFeO3 film following tomographic AFM experiments. 
High-resolution TEM, high-angle annular darkfield (HAADF) scanning TEM (STEM) and energy 
dispersive x-ray spectroscopy (EDXS) imaging techniques were employed. Figure 3.11a shows a 
representative x-z cross section of the tomogram from Figure 5e with proportioned axes. The white 
reference line in Figure 3.11a is tilted at 40° from the [100]pc (x) crystal axis, and is shown to 
illustrate the vertical tilt of the 71° ferroelastic domain walls resolved by tomographic PFM. Figure 
3.11b shows a TEM cross section taken along the [010]pc zone axis (y-direction, Figure 5e), an 
Figure 3.11: Validation of tomographic AFM using high-resolution TEM. a) x-z cross section of 
tomographic PFM data depicting the true geometry of a 71° ferroelastic domain wall. b) Cross-
sectional TEM of BiFeO3 showing an equivalent 71° domain wall with identical geometry, 
obtained below a CT-AFM processed surface. Inset shows the 2-D fast Fourier transform from 
BiFeO3 adjacent to the domain wall. 
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identical perspective as Figure 3.8b, where the white arrow indicates both the location of a 71° 
domain wall and a 40° domain wall inclination angle. Figure 3.11b has been acquired from a region 
of BiFeO3 where tomographic AFM has first partially removed the BiFeO3 film above the imaging 
field of view. The as-grown tilting of 71° ferroelastic domain walls as well as the crystallinity of 
the BiFeO3 (FFT, inset) are readily observed in Figure 3.11b, establishing the complementarity of 
tomographic AFM and TEM imaging techniques. In addition to high-resolution TEM of a domain 
wall in 2-variant BiFeO3 for the quantitative validation of tomographic PFM data, EDXS and 
atomic-resolution scanning TEM (STEM) were employed to assess possible BiFeO3/SrRuO3 
intermixing and amorphization. Figure 3.12a presents a TEM-EDS chemical map of 2-variant 
BiFeO3 following tomographic AFM, showing the Sc, Bi, and Sr k energies. The variable 
thickness-surface is the result of tomographic AFM processing; Figure 3.12a was obtained in a 
region of BiFeO3 where the tomography did not completely remove the BiFeO3 film. Sharp 
chemical contrast is observed at the film interfaces, even near the zero-thickness limit of BiFeO3 
Figure 3.12: EDXS and atomic-resolution STEM analysis of post-tomographic BiFeO3. a) EDS 
showing all three layers of the 2-variant BiFeO3 heterostructure, with sharp chemical contrast 
and no apparent intermixing between layers. b) Atomic-resolution STEM image of the surface of 
BiFeO3 following tomography, again showing sharp film boundaries.  
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(h = 0 nm), indicating no apparent intermixing or amorphization of film interfaces. Figure 3.12b 
shows an atomic-resolution STEM map of an ultra-thin region of BiFeO3 (h = 7 nm) where 
tomographic AFM was performed; again, note the angled surface of BiFeO3. There is no visible 
dislocation formation, amorphization, or BiFeO3/SrRuO3 layer intermixing, and the pseudocubic 
lattice structure is clearly visible to within a single unit cell of the BiFeO3 surface. The latter 
observation is critical for the interpretation of tomographic AFM results; atomic-scale evidence 
that the subtractive nature of tomographic AFM imparts no sub-surface damage that alters the 
crystal structure is critical in establishing the validity of the technique.  
 
3.4. Summary 
A review of the tomographic AFM experimental process has been presented. Utilizing high 
probe downforces, controlled removal of BiFeO3 was performed while measuring PFM and CAFM 
imaging contrast. Following the completion of tomographic AFM, post-processing of the z-
position data is required to compensate for thermal drift effects, at times requiring the creation of 
a manually-derived artificial z-position dataset. Proper determination of the z position during 
tomographic AFM allows for truly tomographic spatial reconstructions of PFM and CAFM data 
of BiFeO3 that provide the opportunity for three-dimensional analyses not possible before the 
development of tomographic techniques presented here. The faithful reproduction of the domain 
wall geometry when referenced to cross-sectional TEM data, combined with the near-constant 
piezoresponse magnitude throughout the BiFeO3 film, establish tomographic AFM methods as an 
effective platform for accurate, high-resolution three-dimensional imaging of ferroelectric 
domains in BiFeO3.  
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4. Thickness-Resolved Ferroelectric Properties of BiFeO3 
 
Following the development of tomographic AFM methods detailed in the prior chapter, an 
investigation in to the thickness dependence of the spontaneous polarization in BiFeO3 will be 
presented. The subtractive processing of tomographic AFM leaves behind regions within BiFeO3 
thin films that have topography that varies smoothly between the as-grown thickness of the BiFeO3 
down through the underlying conductive electrode (SrRuO3) and substrate (DyScO3). The result 
is a microscopic region (< 10 μm) of BiFeO3 where the AFM probe has access to a continually 
variable film thickness from h = 0 to h = 120 nm for the 2-variant BiFeO3 sample presented here. 
The non-destructive nature of tomographic AFM, combined with the validation of functional 
imaging contrast within a single imaging field of view allows for high-confidence PFM 
measurements of BiFeO3 at h < 5 nm, the thickness regime near the critical size limit of 
ferroelectricity in oxide thin films1. By executing both static and dynamic PFM measurements on 
variable-thickness regions of 2-variant BiFeO3, tomographic AFM provides the experimental 
means to probe two critical ferroelectric properties – the spontaneous polarization and ferroelectric 
coercive field – as a function of thickness near the critical size limit of ferroelectricity.  
 
4.1. Variable-Thickness Spontaneous Polarization in BiFeO3 
Employing PFM on variable-thickness regions of h = 120 nm, 2-variant BiFeO3, the 
thickness-dependence of the spontaneous polarization in BiFeO3 has been investigated within a 
single imaging field of view and validated with Landau-Ginzburg-Devonshire (LGD) 
phenomenological theory. As shown in Chapter 3, the thickness gradients are commonly formed 
at the edges of the tomographic imaging area, due to either elevated material removal rates at the 
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center of the tomographic imaging area or due to the geometry of the outer edges of the pyramidal 
AFM probe. As a result, several hundred nanometers of film topography (in the z-direction) are 
exposed over several hundred nanometers to several micrometers (in the x/y-direction) in plan 
view of the film. Most commercially-available atomic force microscopes, including the one used 
for this work (Chapter 2.4), have x/y spatial scanners that can actuate a sample by tens of 
micrometers, thus allowing the entire thickness gradient of a h = ~100 nm film to be captured 
within a single imaging field of view following tomographic AFM. The possibility of measuring 
thickness-dependent phenomena within a single imaging field of view during a single image or 
image sequence allows for direct comparison of the functional response (piezoresponse in PFM) 
across the film thickness, thereby minimizing experimental uncertainties caused by unintentional 
compositional or structural defects.  
Figure 4.1 shows an ex situ summary of the surface topography of a h = 120 nm, 2-variant 
BiFeO3 film following tomographic AFM. The tomographic imaging area prior to the ex situ 
analysis shown in Figure 4.1a was 1.5 μm (x) by 6.0 μm (y); the tomographic experiment was 
terminated prior to BiFeO3 removal throughout the imaging field of view, thus leaving “sidewalls” 
in the BiFeO3 film with an angle of 13.5° to the horizontal. Between x = ~1.2 μm and x = ~1.8 μm 
in Figure 4.1a, the BiFeO3 film has been completely removed as a result of tomographic 
processing. The resulting variable thickness regions of BiFeO3 created by tomographic AFM exist 
between x = 0.4 μm and x = 1.2 μm, as well as between x = 1.8 μm and x = 2.4 μm in Figure 4.1a 
(as well as Figure 4.1b). Figure 4.1b shows a line scan of the BiFeO3 film topography marked with 
the red dashed line in Figure 4.1a, where the angled sidewalls are clearly visible. Figure 4.1b 
clearly shows the variation in BiFeO3 film thickness, h, between the as-grown thickness of 120 nm 
and regions where BiFeO3 no longer remains (h < 0) and only the SrRuO3 electrode and DyScO3 
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substrate are exposed. Figure 4.1c shows a cross-sectional scanning transmission electron 
microscopy (STEM) image of the BiFeO3 heterostructure following tomographic AFM (and ex 
situ analysis), acquired on the [010]pc zone axis and extracted from the 2-variant BiFeO3 sample 
at the dashed red line in panel Figure 4.1a. Note complete removal of BiFeO3 between x = ~1.0 
μm and x = ~2.0 μm, as well as the correlation in surface topography between Figure 4.1b and 
Figure 4.1c.  
 
4.1.1. Three-Dimensional Landau-Ginzburg Theory 
According to the Landau-Ginzburg-Devonshire phenomenological theory of 
ferroelectricity, the spontaneous polarization of a ferroelectric material is related to the converse 
piezoelectric coefficient, dij, through the dielectric permittivity and the electrostriction coefficient
2. 
It is possible to derive one or more of the dij components directly from PFM data, and so the locally 
Figure 4.1: ex situ measurement of h = 120 nm, 2-variant BiFeO3 following tomographic AFM. 
a) AFM topography of a region of BiFeO3 following tomographic AFM, b) topographic line scan 
for the red dashed line in panel a), and c) cross sectional STEM image obtained at the red dashed 
line in panel a). 
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resolved piezoresponse across a range of film thickness (h) ideally contains the thickness 
dependence of the spontaneous polarization in BiFeO3. As stated in Chapter 2, the spontaneous 
polarization in BiFeO3 is oriented along the [111]pc family of directions, such that for a [001]pc-
oriented BiFeO3 film there is both an in-plane (along [100]pc/[010]pc) and out-of-plane (along 
[001]pc) component to the spontaneous polarization. Since the physical piezoresponse is related to 
the spontaneous polarization, an electric field applied in the [001]pc direction across a BiFeO3 thin 
film (normal to the film), results in both an in-plane and out-of-plane piezoelectric strain which is 
associated with different tensor components of the converse piezoelectric coefficient, d31 and d33, 
respectively. In addition, it is possible to quantify both the normal bending and the torsional 
response of the AFM cantilever using lock-in amplification techniques. With proper orientation of 
the AFM cantilever relative to the crystal axes of BiFeO3, both the d31 and d33 can be measured 
with <100 nm spatial resolution during PFM imaging.  
The presence and ability to measure vector-resolved piezoresponse, and therefore 
spontaneous polarization in BiFeO3 requires a formulation of the Landau-Ginzburg-Devonshire 
(LGD) phenomenological theory in the context of three spatial dimensions. The equations that 
follow are largely derived from the work of Rault, et al. (2012)3, and will be formulated in the 
context of PFM measurements of BiFeO3. Under the LGD theory, the free energy of a ferroelectric 
crystal can be written as the Taylor series expansion with respect to the spontaneous polarization 
at constant volume (strain) and temperature, using only even expansion terms. Assuming the 
externally-imposed strain on the crystal is equal to zero, the free energy A can be written generally 
as4, 
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where A is the (Helmholtz) free energy, P is the spontaneous polarization, and , , and  are 
Landau expansion coefficients. The summations in Equation 4.1 are calculated for all possible 
combinations of the indexing subscripts. The subscripts to the spontaneous polarization, Pi for 
example, represents the crystallographic direction of orthogonal vector components of the 
spontaneous polarization such that Ps = (P1
2 + P2
2 + P3
2)0.5 = (Px
2 + Py
2 + Pz
2)0.5. Performing 
summations and writing the polarization in terms of (x,y,z) coordinates, Equation 4.1 can be 
rewritten as3, 
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where P1 = Px, P2 = Py, P3 = Pz, Ez is the z-oriented applied field, Ed is the depolarizing field, and 
the Landau coefficients have been simplified. Assuming that Px = Py, equilibrium conditions (A 
/ Px = 0 and A / Pz = 0) can be used to solve for the vector components of the spontaneous 
polarization,  
𝛼3𝑃𝑧 + 𝛽2𝑃𝑧
3 + 2𝛽4𝑃𝑧𝑃𝑥
2 + 𝛾𝑃𝑧
5 = 𝐸𝑧 + 𝐸𝑑 4.3 
𝛼1𝑃𝑥 + 𝛽1𝑃𝑥
3 + 𝛽3𝑃𝑥𝑃𝑧
2 + 𝛽4𝑃𝑥𝑃𝑧
2 = 0 4.4 
Solving the system of two equations (Equations 4.3 and 4.4) and two unknown variables (Px and 
Py) at V = 0, which drives Ez = 0 and Ed = 0, two stable solutions for Px and Pz are found. Neglecting 
the solutions Px = Pz = 0, Px can be expressed as 
𝑃𝑥
2 = 𝑃1
2 =
−1
𝛽1 + 𝛽3
(𝛼1 + 𝛽4𝑃𝑧
2) 4.5 
Equation 4.5 can be substituted into Equation 4.3, and assuming V = 0 and condensing Landau 
coefficients, Pz can be expressed in the form 
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𝑃𝑧
𝑃𝑧,max
=
𝑃3
𝑃3,max
= 𝐴√𝐵 + √1 −
ℎcr
ℎ
4.6 
where A and B are parameters that subsume multiple Landau coefficients, description of which can 
be found in Rault, et al (2012)3, h is the film thickness and hcr is the critical thickness for 
ferroelectricity in the crystal, i.e. the thickness below which a switchable, spontaneous polarization 
is theoretically no longer stable. The thickness (h) dependence of the z-oriented spontaneous 
polarization in Equation 4.6 arises from the definition of the depolarizing field2 at V = 0. With the 
thickness-dependence of the vector components of the spontaneous polarization in a non-uniaxial 
ferroelectric material derived, Equation 4.5 and Equation 4.6 must be reformulated in terms of 
thickness-dependent PFM measurements made on BiFeO3.  
For this derivation, the following conventions are used: the directional indices 1, 2, and 3 
correspond to the [100], [010], and [001] crystal directions, respectively. The [001]/[001]pc 
direction corresponds to the growth direction and surface normal of the BiFeO3 heterostructure 
studied. The thermodynamic theory of crystals states that the strain produced along the [001] 
direction in a non-centrosymmetric crystal class by the converse piezoelectric effect under the 
influence of an electric field applied along the [001] direction is equal to 
𝑥33 = 𝑑33𝐸3, 4.7 
where x33 is the [001]-oriented normal crystal strain, d33 is the converse piezoelectric coefficient 
in units m V-1, and E3 is the [001]-oriented electric field in units V m
-1. This expression describes 
both oscillating and static effects. If one was to consider only the oscillating component of the 
applied electric field, Equation 4.7 could be rewritten as 
𝑥33
𝜔 = 𝑑33𝐸3
𝜔 , 4.8 
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where the superscript ω refers to the indicated quantity at an oscillation frequency, ω. The 
oscillating component of the piezoelectrically-induced strain is of importance for this work since 
oscillatory strains can be effectively measured by an atomic force microscope (AFM). In the AFM 
mode of piezoresponse force microscopy (PFM), an oscillating (AC) voltage is applied to a 
conductive probe in contact with a piezoelectric sample, and the resulting surface displacement 
(i.e. strain) produced by the converse piezoelectric effect is transduced by the AFM cantilever. 
Since piezoelectric displacements in thin film structures are often small (< 100 pm), lock-in 
amplification is often utilized to improve measurement quality. An alternate derivation of Equation 
4.8 can be written to describe the converse piezoelectric effect as induced and measured by during 
PFM imaging, 
𝑢3
𝜔 = 𝑑33𝑉
𝜔 = 𝑑33𝑉𝐴𝐶 cos(𝜔𝑡 + 𝜙) , 4.9 
where 𝑢3
𝜔 is the [001]-oriented surface displacement measured at frequency ω, also called the 
piezoresponse, and 𝑉𝜔 is the oscillating voltage applied between the AFM probe and sample at 
frequency ω. Often, there is a phase offset between the displacement signal and driving voltage, 
which is accounted for in the cos(𝜔𝑡 + 𝜙) term. Lock-in amplification techniques are frequently 
employed to improve the detection limit and signal-to-noise ratio and reduce the topographic 
contributions to PFM imaging. The output of a lock-in amplifier designed to measure the surface 
electromechanical response of a piezoelectric crystal is technically equal to the first derivative of 
the surface displacement (measured with the cantilever) with respect to the applied voltage, du / 
dV. However, since Equation 4.8 is linear with no offset to the piezoelectric strain as a function of 
applied field, the du / dV output of a lock-in amplifier can be readily converted into the surface 
displacement when the applied oscillating voltage amplitude is known. To improve the signal-to-
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noise ratio during PFM, the driven frequency is chosen to be at either the first or second eigenmode 
of the tip-sample contact resonance, which provides amplification of the piezoelectric actuation. 
Neglecting electrostrictive effects and at zero applied DC electric field, the elastic strain 
induced by the spontaneous polarization under an oscillating electric field in a monodomain, poled 
ferroelectric is 
𝑥33
𝜔 = 2𝑄33𝜖0𝜖33𝑃s(ℎ) ∙ 𝐸3
𝜔(ℎ), 4.10 
where ε0 is vacuum permittivity, Q33 and ε33 are [001]-oriented components of the electrostriction 
and dielectric permittivity tensors, respectively, h is the crystal thickness, Ps(h) is the thickness-
dependent spontaneous polarization, and 𝐸3
𝜔(ℎ) is the oscillating applied electric field which is by 
definition thickness dependent. Employing the definition of engineering strain, the [001]-oriented 
strain at frequency ω can be defined as 
𝑥33
𝜔 =
∆ℎ3
𝜔
ℎ3
=
𝑢3
𝜔
ℎ3
. 4.11 
Assuming that the piezoelectric displacement transduced by the cantilever in the [001]-direction 
is primarily influenced by the [001]-component of the spontaneous polarization, P3(h) = Ps(h), and 
using 𝐸3
𝜔 = 𝑉3 ℎ⁄ , the crystal strain can be expressed as the [001]-oriented displacement by 
combining Equation 4.10 and Equation 4.11, 
𝑢3
𝜔 = 2𝑄33𝜖0𝜖33𝑃3(ℎ) ∙ 𝑉
𝜔 4.12 
which is similar in form to Equation 4.10, with the inclusion of an additional term describing the 
thickness-dependent spontaneous polarization. Employing the three-dimensional derivation of 
equilibrium LGD theory, Equation 4.6 can finally be substituted into Equation 4.12 to arrive at a 
relation describing the piezoelectric surface displacement at frequency ω as a function of crystal 
thickness, h 
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𝑢3
𝜔
𝑢3,max
𝜔 = 2𝑄33𝜖0𝜖33𝑉
𝜔 ∙ 𝐴√𝐵 + √1 −
ℎcr
ℎ
. 4.13 
Arrival at Equation 4.13 from Equation 4.12 assumes that P3,max, the effective bulk value for the 
z-oriented spontaneous polarization, is correlated with a maximum value of the piezoelectric 
surface displacement u3,max, resulting in the normalization of piezoelectric surface displacement in 
Equation 4.13.  Under the assumption of constant electrostriction and dielectric permittivity within 
the BiFeO3 thickness range measured, Equation 4.13 provides a means for investigating the 
spontaneous polarization in a non-uniaxial ferroelectric (i.e. BiFeO3) as a function of film 
thickness using PFM. 
 
4.1.2. Vector-Resolved, Variable Thickness Spontaneous Polarization 
 Figure 4.2 shows ex situ PFM imaging of the out-of-plane and in-plane surface 
displacement (i.e. piezoresponse) of h = 120 nm, 2-variant BiFeO3 in a region where a variable 
thickness gradient was created during tomographic AFM. The PFM response data shown in Figure 
4.2 was acquired at approximately the same location as the topographic data presented in Figure 
4.1a. Arbitrary units are indicated in Figure 4.2 for two reasons; an additional conversion is needed 
to correct for the optical beam detection sensitivity of the AFM to convert photodetector voltage 
into units of displacement (meters), and according to Equation 4.13 all piezoresponse data that will 
be quantitatively analyzed in the context of LGD phenomenological theory will be normalized. 
Due to the differences in bending and torsional mechanics of cantilevers, no accurate comparison 
between the absolute values of piezoelectric surface displacement can be made between the out-
of-plane and in-plane signals, Figure 4.2a and Figure 4.2b, respectively. Again, note the complete 
removal of the BiFeO3 film between x = ~1.0 μm and x = 2.0 μm as evidenced by the suppression 
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in piezoresponse signal in that region. SrRuO3 and DyScO3, the electrode and substrate materials, 
respectively, are non-piezoelectric, centrosymmetric crystals and accordingly show only 
experimental noise-limited piezoresponse (~60 mV in Figure 4.2a), substantially lower than that 
of BiFeO3. Figure 4.2 was obtained at room temperature in ambient conditions with an AC voltage 
amplitude of V = 1.0 V AC. 
 The piezoresponse images in Figure 4.2 were obtained while simultaneously measuring 
film surface topography with the AFM (Figure 4.1a). High-resolution and high-accuracy vertical 
measurements using the AFM (< 1 nm) permits accurate determination of the BiFeO3 film 
thickness for every imaging pixel presented in Figure 4.2. Employing PFM data from the entire 
field of view with minimal filtering, the statistics of the piezoresponse can be calculated as a 
function of film thickness. Figure 4.3a shows a statistical boxplot of the out-of-plane piezoelectric 
surface displacement (u3) extracted from Figure 4.2a and using the topography from Figure 4.1a, 
calculated for unique 2 nm topographic bins. For reference, in Figure 4.3a red lines represent the 
Figure 4.2: ex situ measurements of piezoresponse of h = 120 nm, 2-variant BiFeO3 following 
tomographic AFM. a) Out-of-plane piezoresponse, b) in-plane piezoresponse with cantilever 
aligned along [100]pc. 
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median signal, the outer bounds of the blue box are the 25th and 75th percentiles, and red crosses 
represent statistical outlier points. The data presented in Figure 4.3a appears to shows good 
clustering, with consistent behavior across the range of thickness measured. A fair number of 
outliers is present around h = 50 nm, this is likely due to the topographic damage caused by 
tomographic AFM within some of the imaging field of view, particularly x = 0.8 μm and y = 2.5 
μm in Figure 4.2a. The 25th and 75th percentiles closely follow the median response, providing 
additional assurance that the observed behavior is not an artifact of a particular calculation method. 
Figure 4.3b shows the median out-of-plane piezoelectric surface displacement (u3) calculated from 
Figure 4.2a as a function of BiFeO3 film thickness, with vertical lines (within each datapoint) 
representing the 95% confidence interval of each datapoint. Note the different y scaling for the two 
panels in Figure 4.3. In agreement with the statistical groupings shown in Figure 4.3a, the 95% 
Figure 4.3: Statistical analysis of the thickness-dependence of the normalized out-of-plane 
piezoelectric surface displacement, 𝑢3
𝜔, of h = 120 nm, 2-variant BiFeO3. a) Statistical box plot, 
b) median response with 95% confidence bars (vertical blue lines). Black dashed line in panel b) 
represents the experimental lower detection limit.  
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confidence bars in Figure 4.3b are exceedingly small (~2% of the median) throughout the thickness 
range, even in the ultra-thin regime (h < 10 nm), suggesting both the existence of a stable polar 
state within the ultrathin regime and the presence of high-fidelity piezoresponse data across two 
decades of thickness (~1 nm < h < 120 nm). Furthermore, the results presented in Figure 4.3 were 
verified on other post-tomographic regions of 2-variant BiFeO3. One of the primary experimental 
benefits of tomographic AFM methods is the potential improvement in statistical certainty of the 
result relative to a thickness-series of discretely-fabricated samples with only a handful (< 10) of 
measurements performed on each sample. Each box in Figure 4.3a and each point in Figure 4.3b 
is the result of between 350 and 700 imaging pixels, which allows for high-confidence 
measurements of the underlying physics in the thickness-dependent functional properties of 
BiFeO3.  
 With the statistical distribution of ex situ PFM measurements on post-tomography regions 
of BiFeO3 discussed, the piezoresponse surface displacements in variable-thickness regions of 2-
variant BiFeO3 can be analyzed in the context of LGD theory. Figure 4.4a shows the normalized, 
[001]pc-oriented piezoresponse (𝑢3
𝜔, blue circles) and [010]pc-oriented piezoresponse (𝑢1
𝜔, blue 
circles) for BiFeO3 plotted as a function of the base-10 logarithm of film thickness, h, acquired 
from the images presented  in Figure 4.2. A nonlinear least-squares regression of 𝑢3
𝜔 vs. h using 
the model in Equation 4.13 and of 𝑢1
𝜔 vs. h using Equation 4.13 substituted into Equation 4.5 (and 
reformulated in terms of piezoelectric surface displacement) were performed, shown as the solid 
blue and solid red lines in Figure 4.4a. The regression of of 𝑢3
𝜔 vs. h using Equation 4.13 results 
in a critical thickness for the existence of [001]pc-oriented spontaneous polarization (P3), hcr = 6.8 
nm and a negative value for the fitting parameter B, which according to 𝐵 ∝ −𝛽𝑃 suggests that 
the BiFeO3 film undergoes a second order phase transition through the ferroelectric Curie point
5. 
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The critical thickness determined with this approach is comparable to that calculated for BiFeO3 
by Rault, et al. (2012)3, calculated as 5.6 nm using a combination of low energy and photoemission 
electron microscopy measurements. Deviation of the experimental piezoresponse from LGD 
theory in Figure 4.4a can be attributed to a lower limit of measurable piezoresponse established by 
signal noise (dashed black line in Figure 4.4a, 𝑢3
𝜔 𝑢3,max
𝜔⁄  = 0.39). Since the out-of-plane and in-
plane PFM signals are measured separately, a separate detection limit is imposed on the in-plane 
piezoelectric surface displacement, 𝑢1
𝜔 𝑢1,max
𝜔⁄  = 0.69. The regression of of 𝑢1
𝜔 vs. h using 
Equation 4.13 and Equation 4.5 results in a critical thickness for the in-plane vector components 
of the spontaneous polarization (P1), hcr = 23.8 nm. This value is obviously distinct from the 
calculated response of the out-of-plane component of the spontaneous polarization; this finding 
Figure 4.4: a) Semilogarithmic plot of normalized piezoelectric displacement as a function of 
thickness for BiFeO3, with nonlinear regression (solid lines) of the normalized out-of-plane and 
in-plane piezoelectric response according to Equation 4.13. b) In-plane piezoelectric response 
plotted as a function of out-of-plane piezoelectric response, with linear regression (red line) 
according to Equation 4.5. Horizontal dashed line in a) indicates the out-of-plane PFM detection 
limit, b) the in-plane PFM detection limit. 
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will be discussed in the next section of this chapter. Figure 4.4b shows the normalized in-plane 
piezoelectric surface displacement (𝑢1
𝜔) plotted as a function of the normalized out-of-plane 
piezoelectric surface displacement (𝑢3
𝜔), as suggested by the interdependence of the vector 
components of the spontaneous polarization in BiFeO3 indicated in Equation 4.5. A substantial 
portion of the data presented in Figure 4.4b is dominated by the lower detection limit of the in-
plane piezoresponse (𝑢1
𝜔/𝑢1,max
𝜔  = 0.69), however above the in-plane detection limit there is a 
strong linear trend between the in-plane and out-of-plane piezoelectric response (solid red line). 
Linear behavior is observed if the squares of the normalized piezoelectric response are plotted, 
(𝑢1
𝜔)2 vs.  (𝑢3
𝜔)2. Agreement between the trend in Figure 4.4b and Equation 4.5 provides strong 
evidence that the vector-resolved piezoelectric surface displacement is an effective measurement 
of the underlying spontaneous polarization, and that the BiFeO3 measured follows LGD-type 
behavior. 
The sigmoid-type behavior of both measurements near the transition to noise-limited 
response appears qualitatively similar to the continuous reduction and disappearance of the order 
parameter (spontaneous polarization) across a second-order phase transition, a behavior that is 
commonly seen in ferroelectric displacive transitions from a high-symmetry (e.g. cubic) to low-
symmetry (e.g. tetragonal) phase. This observation is consistent with the thickness-dependence of 
spontaneous polarization in 2-variant BiFeO3, and more generally perovskite oxide ferroelectric 
thin films, since the reduction in thickness has the effect of destabilizing and eventually eliminating 
the polar state, in analogy to the temperature-based phase transitions commonly studied in 
ferroelectric materials. In summary, ex situ measurements of the vector components of the 
piezoelectric surface displacement within post-tomographic regions of h = 120 nm, 2-variant 
BiFeO3 using has provided an effective method for measuring the thickness dependence of 
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spontaneous polarization, that agrees with previous findings of the critical thickness for 
ferroelectricity in BiFeO3 thin films.  
 
4.2. Variable-Thickness Mapping of the Ferroelectric Coercive Field 
In addition to static PFM measurements of the spontaneous polarization, ex situ 
measurements of variable-thickness regions of 2-variant BiFeO3 thin films following tomographic 
AFM provides an experimental platform for investigating the local dynamics of thickness-
dependent spontaneous polarization reversal (switching). As outlined in Chapter 2 of this 
dissertation, the atomic force microscope can be configured to both measure ferroelectric domains 
as well as induce the electric field-driven switching of the spontaneous polarization through 
application of a sufficiently large electric field (i.e. voltage) by the AFM probe. By tuning the 
imaging parameters and applied voltage during PFM, the spatial evolution of ferroelectric 
switching (volume fraction of different domains, often out-of-plane P3- and P3+) can be measured 
over a sequence of several to several hundred images. This general technique, when applied to a 
variable-thickness region of BiFeO3 following tomographic AFM, allows for the quantification of 
the thickness-dependence of the ferroelectric coercive voltage, coercive field, and potentially other 
statistical measures of ferroelectric switching such as the volumetric nucleation density and 
domain wall velocity.  
Figure 4.5 shows the surface topography of h = 120 nm, 2-variant BiFeO3 following 
tomographic AFM. A large area, 10 square micrometers, has been selectively fabricated into the 
BiFeO3 film using subtractive tomography, with the assistance of an angled substrate stage in order 
to produce a shallow-angle gradient (~1°) where the 120 nm thickness of the film is exposed across 
10 μm laterally6. Such a shallow angle in the BiFeO3 tomography creates local regions within the 
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gradient that have pseudo-constant film thickness; within a 500 nm square x-y neighborhood of 
any point on the thickness gradient shown in Figure 4.5, the film thickness varies only by 
approximately 7.5 nm. Both a plan view map (Figure 4.5a) and a three-dimensional surface plot 
(Figure 4.5b) are provided for visualization of the thickness gradient; in Figure 4.5b the z 
measurement represents the film thickness, h. The remainder of the results presented in this chapter 
were obtained from the region of BiFeO3 shown in Figure 4.5, or a similar region with a 
comparable topographic gradient (within 1°).  
Dual-frequency, time-dependent PFM with a superimposed DC bias voltage was used to 
both induce and spatially map the evolution of ferroelectric polarization switching7 as a function 
of thickness in BiFeO3. Figure 4.6a displays the out-of-plane piezoresponse phase (𝜙3
𝜔, measuring 
P3), and Figure 4.6b displays the simultaneously-acquired in-plane piezoresponse phase (𝜙1
𝜔, 
measuring P1) sequence for the ferroelectric switching of 2-variant BiFeO3 within the variable 
thickness region shown in Figure 4.5a (x/y between 2.5 μm and 12.5 μm). Starting with a DC 
voltage bias of +0.6 V DC, the bias voltage was held constant until the spatial distribution of P3+ 
Figure 4.5: Surface topography of h = 120 nm, 2-variant BiFeO3 following shallow-angle 
fabrication using subtractive AFM tomography. a) Map, b) surface plot of film thickness, h.  
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and P3- domains (out-of-plane PFM phase, 𝜙3
𝜔) within the field of view was invariant with respect 
to time. Following this criterion, the DC voltage was increased by 200 mV to induce further P3- 
→ P3+ polarization switching at thicker regions of BiFeO3. This procedure was repeated until the 
out-of-plane ferroelectric polarization state had completely switched from P3- to P3+ within the 
imaging field of view (+3.0 V DC). The applied voltage bias for each frame is shown in Figure 
4.6a. The black (null) region in Figure 4.6 corresponds to areas where the BiFeO3 film has been 
Figure 4.6: Ferroelectric switching sequence of variable-thickness BiFeO3 showing evolution of 
switching as a function of applied voltage. Imaging area corresponds to the variable thickness 
topography in Figure 4.5a. a) Out-of-plane piezoresponse phase (𝜙3
𝜔), and b) in-plane 
piezoresponse phase (𝜙1
𝜔). Applied voltage bias indicated in panel a). Scale bar = 2 μm. 
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completely removed by the tomographic AFM process; the [-π/2]-null interface indicates the zero-
thickness limit (h = 0 nm) of BiFeO3.  
Prior to discussing the thickness-dependence of ferroelectric switching, a brief explanation 
of the in-plane domain morphology of BiFeO3 post-tomographic AFM must be provided. Epitaxial 
growth of (001)pc-oriented BiFeO3 on (110)-oriented DyScO3 imposes a small anisotropic “misfit” 
strain on BiFeO3 resulting from the difference in the unit cell dimensions of the film and substrate 
template8. In addition to the step-flow growth created by miscut substrates, epitaxial strain 
facilitates the formation of periodic ferroelastic domain morphologies (e.g. domain twins) in 
response to the imposed strain9–11. Epitaxial “mistfit” strain typically results in atomically coherent 
film growth from the substrate up to the thickness where misfit dislocations form in order to 
compensate for the non-equilibrium strain state and lattice parameter imposed by the substrate, 
also referred to as the critical thickness. The critical thickness for formation of misfit dislocations 
in PLD-grown BiFeO3 and other perovskite is typically on the order of 10 - 50 nm. In addition to 
the thickness dependence of dislocation formation in ferroelectric thin films, the Kittel scaling law 
of ferroic domain size states that the ferroelectric domain size should scale with the square root of 
film thickness owing to a change in the relative contributions of surface depolarizing effects and 
volumetric free energy, an observation confirmed in BiFeO3
12–14. Given the established role of 
thickness on the epitaxial structure and domain size of BiFeO3, it is remarkable that the volumetric 
tomograms of BiFeO3 presented in Chapter 3 reconstruct the as-grown domain structure of the 2-
variant BiFeO3. For reference, the tomograms shown in Chapter 3 were acquired with a 4.0 V DC 
voltage bias during tomographic AFM, which could have assisted in the stabilization of the as-
grown domain structure during the measurement. In cases where the surface topographic gradient 
in 2-variant BiFeO3 following tomographic AFM is shallow (< 5°), it is possible to see 
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modification of the as-grown morphology in situ during tomographic AFM. Whereas theory and 
experiment indicate a continuous decrease in ferroelectric domain size as a function of thickness 
in discretely-fabricated films, the domain modification that results from tomographic AFM is a 
direct transition from stripe-type polydomain morphology to pure monodomain BiFeO3. The red 
arrow in Figure 4.6b indicates the monodomain region formed in 2-variant BiFeO3 as the result of 
subtractive tomographic fabrication of the shallow angle cross section in Figure 4.5b. Although 
there is an obvious change to the in-plane ferroelectric domain morphology within the 
monodomain region, the topography and out-of-plane piezoresponse appears to be unaffected, and 
stripe domains neighboring the monodomain region appear to be unchanged from their as-grown 
locations. Figure 4.7a shows the out-of-plane piezoelectric surface response of the same area 
shown in Figure 4.6; no observable change in the response is visible within the monodomain region 
suggesting uniform magnitude of the out-of-plane component of the spontaneous polarization (P1) 
across the monodomain interface. Figure 4.7b shows the BiFeO3 film thickness (h) with in-plane 
Figure 4.7: Analysis of the monodomain region resulting from tomographic AFM on 2-variant 
BiFeO3. a) Out-of-plane piezoresponse (u3), and b) BiFeO3 film thickness (topography) with in-
plane domains superimposed as a guide to the eye. 
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domains superimposed for viewing; the upper thickness limit of the monodomain region appears 
to strongly correlate with the surface topography at approximately h = 35 nm. The subtractive 
nature of tomographic AFM has the general effect of altering the mechanical boundary conditions 
of the film in situ, and below h = 35 nm the film may be completely epitaxially strained from the 
underlying DyScO3 substrate, which stabilizes the monodomain state
15 and results in no 
dislocations remaining to relax the structure of the BiFeO3. The observation of modified in-plane 
ferroelectric domain structure is indicative of a change in the underlying in-plane vector 
components of the spontaneous polarization, which is consistent with the piezoelectric 
measurements of the thickness-dependent spontaneous polarization in Figure 4.4a. The in-plane 
piezoelectric surface displacement (𝑢1
𝜔) indicated that the critical thickness of the in-plane 
([010]pc-oriented) vector component of the spontaneous polarization (P1, hcr = 23.8 nm) is distinct 
from, and greater than that for out-of-plane polarization (P3, hcr = 6.8 nm), and similar to the 
thickness at which the monodomain state emerges in Figure 4.6 and Figure 4.7 (h = 50 nm). 
Although the origin of this effect is not well understood as of this writing, cross-sectional high-
resolution STEM analysis is being completed concurrently on the monodomain/polydomain 
transition region to investigate the atomic-scale origin of the monodomain state, as well as the 
presence of structural phase transition (e.g. rhombohedral to tetragonal)16 at the domain boundary. 
Since each frame of the ferroelectric switching sequence shown in Figure 4.6 was acquired 
at a different voltage bias, a nanoscale map of the local coercive voltage, Vc, can be constructed, 
shown in Figure 4.8b. The results presented in Figure 4.8 were acquired at a different, but 
identically-prepared, post-tomographic region of BiFeO3 than Figure 4.6. The coercive voltage 
calculated for Figure 4.8b is equal to the lowest voltage at which the out-of-plane piezoresponse 
phase (Figure 4.6a) indicated a switch from P3- to P3+ polarization for each imaging pixel. Due to 
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the exponential dependence of ferroelectric switching with respect to applied voltage, the map of 
coercive voltage in Figure 4.8b provides an accurate measure of the true coercive behavior of 
BiFeO3 as a function of film thickness. If a given imaging pixel would have switched at a certain 
voltage bias at a longer time interval than was provided in the experiment, the likelihood of that 
imaging pixel switching at the next 200 mV bias interval is extremely likely7.  This procedure 
enables the highest-resolution results (both V-resolution and h-resolution) on thickness-scaling of 
Ec, and closely embodies the nucleation-based theory proposed by Kay and Dunn17 owing to the 
locally-resolved switching dynamics. Coupling the spatially-resolved Vc with the local BiFeO3 
thickness (h, Figure 4.8a) enables the ferroelectric coercive field, Ec, to be mapped with 
nanometer-scale resolution, shown in Figure 4.8c. This novel approach allows direct visualization 
of the thickness dependence Ec within a single imaging field of view. Clearly visible from these 
results is the direct proportionality of Vc and h (Figure 4.8b) and the strong inverse proportionality 
of Ec and h for BiFeO3 (Figure 4.8c). The spatially-resolved h, Vc and Ec data shown in Figure 4.8 
Figure 4.8: Spatially resolved, variable-thickness polarization switching following tomographic 
AFM of 2-variant BiFeO3. a) BiFeO3 film thickness (h), b) coercive voltage, Vc and c) coercive 
field, Ec co-spatial with panel a), determined at the onset of ferroelectric switching from P3- to 
P3+ polarization. 
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provides the basis for a comprehensive statistical analysis of the thickness-dependence of 
ferroelectric coercivity in BiFeO3, in order to provide confidence in the results of this novel 
experimental procedure. Figure 4.9a shows a statistical box plot of the BiFeO3 film thickness 
calculated as a function of coercive voltage, Vc (each imaging pixel in Figure 4.8 represents a 
unique data point). In the switching sequence shown in Figure 4.6, the voltage bias can be 
considered the independent variable, with the resulting film thickness at which polarization 
switching occurs being the dependent variable. Figure 4.9a shows the median (red lines), 25th and 
75th percentiles (outer limits of blue boxes), and statistical outliers (red crosses). The tight 
clustering of the thickness dependence of ferroelectric switching of BiFeO3 shown in Figure 4.9a 
supports the accuracy of post-tomographic AFM measurements on BiFeO3, in agreement with the 
statistics presented in Figure 4.3. Figure 4.9b shows the median film thickness for the group of 
imaging pixels that switched from P3- to P3+ at a given voltage, Vc; vertical lines represent the 95% 
Figure 4.9: Statistical analysis of the thickness-dependence of out-of-plane polarization 
switching of h = 120 nm, 2-variant BiFeO3. a) Statistical box plot, b) median response with 95% 
confidence bars (vertical blue lines) as a function of switching voltage, Vc.  
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confidence interval of each datapoint. The 95% confidence intervals shown in Figure 4.9b are on 
the order of 0.5 nm, which provides a substantial improvement in the experimental precision 
relative to thickness-dependent polarization switching measurements completed on a series of 
discretely-fabricated samples and clearly illustrates the utility of ex situ variable-thickness 
measurements following tomographic AFM of BiFeO3.  
 
4.2.1. Landauer-Kay-Dunn Theory of Coercive Field Scaling 
The nucleation-based polarization reversal model of ferroelectrics proposed by Landauer18 
defines the free energy of a ferroelectric domain nucleus having polarization P3- (along [001̅]) and 
prolate spheroid geometry, within a crystal that is otherwise uniformly polarized P3+ (along [001]) 
as 
𝑈 = −𝑎𝐸𝑧𝑟
2𝑙 + 𝑏𝑟𝑙 +
𝑐𝑟4
𝑙
4.14 
where U is the free energy, Ez is the z-oriented electric field, r and l are the radius and length of 
the prolate spheroid nucleus, respectively, and a, b, and c are constants related to the nucleus 
geometry. The free energy surface created by Equation 4.14 has a saddle point local minima which 
can be calculated by taking 𝜕𝑈 𝜕𝑟⁄ = 𝜕𝑈/𝜕𝑙 = 0, resulting in the minimum size of a stable 
nucleus in the presence of the applied field, Ez, defined by 
𝑟𝑠 =
5𝑏
6𝑎𝐸𝑧
4.15 
𝑙𝑠 =
5𝑏(5𝑐)
1
2
6(𝑎𝐸𝑧)
3
2
4.16 
the values of which can be substituted into Equation 4.14 to determine the saddle point free energy 
of the nucleus. Kay and Dunn17 were able to relate the free energy of a stable ferroelectric domain 
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nucleus originally derived by Landauer to the thickness of a crystal (i.e. film) by imposing the 
condition ls < h, where h is the crystal thickness. This assumption imposes the condition that the 
minimum-size stable domain nucleus must have a length (normal to the film surface) that is smaller 
than the crystal thickness, which excludes the possibility of cylindrical domain nuclei. Inserting 
the assumption that ls < h into Equation 4.16 results in a semi-empirical expression for the 
minimum applied field required to nucleate a semi-prolate spheroid ferroelectric domain,  
𝐸𝑧,n = 𝑘 (
𝑏2𝑐
𝑎3
)
1 3⁄
ℎ−2 3⁄ 4.17 
where Ez,n is the coercive field at domain nucleation, k is a fixed constant, a, b, and c are constants 
that describe the geometry of the domain nucleus, and h is the crystal thickness. Strong agreement 
between the scaling “law” proposed in Equation 4.17 and experimental data on triglycine sulfate 
supported the notion that the electrostatics of nucleation of a semi-prolate spheroid domain gave 
rise to the thickness-dependence of the coercive field in ferroelectric crystals. Several studies have 
reported Kay-Dunn coercive field scaling (i.e. Ec ∝ h-2/3) in thin film ferroelectrics19,20, while other 
have observed more general inverse power-law correlations between coercive field and film 
thickness2,21; all scaling experiments to-date have been performed across multiple samples having 
discrete film thicknesses. Deviation from Kay-Dunn scaling in ultrathin films (h < 20 nm) has been 
attributed to perturbations in the depolarizing field acting antiparallel to the applied electric field22, 
as well as a transition to cylindrically-shaped domain nuclei at film thicknesses below 15 nm23.  
 The Landauer-Kay-Dunn model of the thickness dependence of the ferroelectric coercive 
field is ultimately a theory of ferroelectric domain nucleation. In accordance with the original 
derivation of the theory, the results of the post-tomography variable-thickness polarization 
switching experiments on BiFeO3 can be analyzed in the context of only ferroelectric domain 
nuclei, since the locally-resolved (~20 nm) piezoresponse data permits direct identification of 
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nucleation events in a ferroelectric switching sequence. Figure 4.10 shows the film thickness (h) 
alongside the coercive voltage (Vc) and coercive field (Ec) with an image mask that has been 
calculated to reveal only domain nuclei, for a limited region of Figure 4.6 (rotated clockwise 90° 
for viewing). For reference, the data presented in Figure 4.10b and 4.10c is derived identically to 
the data shown in Figure 4.8b and 4.8c, with the addition of the nucleation mask. The 
implementation of the nucleation mask allows for both effective viewing of the nucleation 
behavior of BiFeO3 for 0 nm < h < 75 nm, and also the mathematical isolation of only nucleation 
events for calculation relative to the Kay-Dunn scaling law in Equation 4.17.  
The thickness-resolved results presented in Figure 4.8 and 4.10, where the film thickness, 
coercive voltage, and coercive field are defined for each imaging pixel, are properly analyzed in 
the context of the Landauer-Kay-Dunn coercive field scaling theory, these results are presented in 
Figure 4.11. Figure 4.11a shows a plot of Vc versus h for BiFeO3 calculated using from 
Figure 4.10: Spatially resolved ferroelectric domain nucleation following tomographic AFM of 
2-variant BiFeO3. a) BiFeO3 film thickness (h), b) coercive voltage, Vc and c) coercive field, Ec 
co-spatial with panel a), showing only domain nuclei. Scale bar = 500 nm. 
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tomographic AFM data (TAFM) of Figure 4.8 and 4.10; closed blue circles represent the median 
thickness for all imaging pixels that have switched from P3- to P3+
 at the corresponding applied 
voltage, Vc, where open blue circles represent the identical calculation for only imaging pixels 
located within domain nuclei as defined by the mask in Figure 4.10. Reformulating Equation 4.17 
in terms of Vn (Vc) and assuming En = Vn / h produces the relation 𝑉𝑛 ∝ ℎ
1 3⁄ , and a nonlinear least 
squares power-law (Axb) regression of tomographic nuclei-Vc vs. h in Figure 4.11a yields the 
exponent b = 0.331 ± 0.045, in strong agreement with Kay-Dunn scaling. Macroscopic 
measurements of Vc obtained from d33 measurements on discrete BiFeO3 thin film capacitors are 
also shown (black squares), along with the corresponding Ax1/3 fit (dashed red line) for comparative 
Figure 4.11: Thickness dependence of the coercive voltage (Vc) and coercive field (Ec) in 
BiFeO3. a) Vc versus h, with tomographic AFM data from all switched areas (closed blue 
circles), domain nuclei (open blue circles), and d33-based measurements on macroscopic 
capacitor structures (black squares). Solid red line is a nonlinear power law regression of Vc 
versus h. b) Logarithmic plot of Ec versus h, using the same labeling convention as panel a). 
Inset shows spectroscopic piezoresponse hysteresis loops (PFM phase) obtained at three discrete 
thicknesses. 
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visualization. The Vc offset between macroscopic and CT-AFM data can be attributed to parasitic 
voltage losses at the tip-sample interface while performing PFM in ambient conditions24. Figure 
4.11b shows a plot of Ec versus h in BiFeO3 on logarithmic axes (same labeling as Figure 4.11a), 
the strong linearity and precision of data acquired from post-tomographic AFM measurements 
relative to macroscopic measurements is readily apparent. A nonlinear power-law regression of 
nuclei-Ec vs. h yields the exponent b = -0.670 ± 0.038, again in strong agreement with Kay-Dunn 
scaling. The minimum switched thickness measured using post-tomographic AFM is 4.2 nm, in 
good agreement with the critical thickness predicted by the LGD fit of 𝑢3
𝜔 vs. h (6.8 nm, Figure 
4.4a).  
Equivalent scaling behavior, albeit with lower precision, is observed in spectroscopic 
piezoresponse hysteresis loops acquired at several discrete thicknesses within the same region of 
BiFeO3 (inset, Figure 4.11b). In spectroscopic mode, the AFM probe is placed in contact with the 
BiFeO3 sample surface and maintained at a constant x-y position while the DC voltage bias is 
swept through a defined rate, here at 1 Hz, which produces quasi-static hysteresis measurements 
that are comparable to ferroelectric switching induced by the AFM (Ec is usually frequency-
dependent). Many ferroelectric crystals and thin films exhibit an offset hysteresis loop relative to 
the applied voltage, such that the hysteresis loop is not symmetric around V = 0. This effect is 
called ferroelectric hysteresis imprint, and due to the low coercive voltages measured at h < 20 nm 
in Figure 4.11a, the effects of imprint could substantially change the thickness scaling of both Vc 
and Ec. The data presented in Figure 4.11 has been corrected for ferroelectric hysteresis imprint 
through the analysis of spectroscopic hysteresis loops performed on the variable-thickness gradient 
of BiFeO3 shown in Figure 4.5 following the polarization sequence presented in Figure 4.6. Figure 
4.12 shows the results from conventional quasi-static piezoresponse hysteresis loops, sweeping 
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voltage from -5.0 V DC to +10.0 V DC at 0.1 Hz, acquired at fourteen distinct BiFeO3 thicknesses. 
Positive coercive voltage (Vc+, blue circles) and the absolute value of negative coercive voltage 
(|Vc-|, red squares) are plotted versus BiFeO3 film thickness (h), here Vc calculated as the zero-
crossings of the out-of-plane piezoresponse phase (𝜙3
𝜔) averaged over ten switching cycles. A 
small ferroelectric hysteresis imprint (Vc asymmetry) is determined and plotted for each BiFeO3 
thickness (solid green line). The mean imprint voltage across the thickness range measured is 
effectively constant at 0.36 V DC. The imprint-compensated Vc+ versus BiFeO3 thickness has been 
fit to the power law equation Ax1/3 (solid black line) using nonlinear least-squares regression, 
according to the semi-empirical Kay-Dunn scaling law. These results from discrete hysteresis 
loops generally follow power-law behavior, albeit with substantially higher experimental data 
scatter compared to the Vc versus h data calculated in Figure 4.11a. The hysteresis imprint voltage 
Figure 4.12: Spectroscopic ferroelectric hysteresis acquired as a function of film thickness for 2-
variant BiFeO3 following tomographic AFM. Blue circles and red squares represent the positive 
and negative branches of the hysteresis loop, respectively, and the green line is the calculated 
imprint voltage. 
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calculated in Figure 4.12 has been applied to all thickness-dependent analyses of the ferroelectric 
coercivity in this chapter.  
Tomographic AFM experimental methods, augmented by direct identification of domain 
nuclei as a function of applied voltage and film thickness during ferroelectric switching, has 
enabled the observation that BiFeO3 demonstrates Kay-Dunn scaling of Ec to below 5 nm 
thickness. This result is not immediately intuitive, since the step-wise polarization rotation known 
to occur in BiFeO3
25
 is substantially different than the Ising-type polarization reversal in uniaxial 
ferroelectric materials (e.g. BaTiO3) upon which the Landauer-Kay-Dunn theory is formulated. 
The Landauer-Kay-Dunn theory describes the electrostatics and geometry of ferroelectric domain 
nucleation; equivalent scaling in BiFeO3 implies that its Bloch-like multi-step polarization rotation 
is governed by the same electrostatic formulation of domain nucleation for Ising-type 
ferroelectrics. More specifically, the observed scaling of Ec suggests that the ferroelectric domain 
nuclei in BiFeO3 retain semi-prolate spheroidal geometry and that the effects of the depolarizing 
field remain constant throughout the two decades of film thicknesses measured, ~1 nm < h < 120 
nm.  
 
4.2.2. Vector-Resolved Polarization Switching in BiFeO3 
To complete the investigation of thickness-dependent ferroelectric switching in 2-variant 
BiFeO3 has been theoretically predicted to perform 180°-degree polarization switching through a 
multi-step process, where the spontaneous polarization reorients by sequential 71° and 109° 
rotations through the unit cell (e.g. [1̅1̅1̅]pc → [11̅1̅]pc → [111]pc). This prediction has been verified 
experimentally in BiFeO3 using a h = 120 nm thin film
25, however the thickness dependence of 
the multi-step polarization reorientation process is largely unstudied. By analyzing the out-of-
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plane and in-plane components of the piezoresponse phase (Figure 4.6), the temporal dynamics of 
the P3 and P1 polarization reorientation can be analyzed, the results of which are shown in Figure 
4.13. Figure 4.13a is the BiFeO3 film thickness, and Figure 4.13b shows the final switched angle 
of the spontaneous polarization (ΔP) following ferroelectric switching. Apparent switching of 
ΔP > 180° occurs at in-plane domain walls due to imaging parallax effects with the AFM. Figure 
4.13c shows the number of switching events measured at each imaging pixel, n, where a value of 
n = 2 represents a two-step, 180° switch that is comprised of both an out-of-plane (𝜙3
𝜔, P3) and in-
plane (𝜙1
𝜔, P1) polarization reorientation. An equivalent ferroelectric switching sequence was 
Figure 4.13: Vector-resolved ferroelectric switching of variable-thickness 2-variant BiFeO3. a) 
Final switched angle, b) number of switching events per pixel. c) Area fraction of imaging pixels 
where 2-step switching was observed, relative to the total number of switched pixels as a 
function of film thickness. 
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performed on the same area as shown in Figure 4.13, with the sample rotated by 90° relative to the 
AFM cantilever. Inspection of the 90° switching sequence reveals that no additional polarization 
vector orientations (other than the as-grown 2-variant domains) are occupied during the switching 
sequence, allowing the dynamics of the polar crystallography to be fully resolved in a single 
imaging orientation (shown in Figure 4.13). The results of Figure 4.13b and Figure 4.13c suggest 
that two-step 180° ferroelectric switching is the primary type of switching for BiFeO3 with 
thickness greater than approximately 40 nm, below which the area that undergoes two-step 
switching decreases dramatically and the switching becomes primarily single-step, out-of-plane 
109° switching. Figure 4.13d shows the area fraction of imaging pixels that switched in a two-step 
process as a function of BiFeO3 thickness, showing the diminished presence of multi-step 
switching at h < 40 nm. A similar analysis performed with the sample rotated by 90° relative to 
the AFM cantilever confirms the absence of in-plane switching in the monodomain region. This 
change in switching behavior is commensurate with the formation of the monodomain region at h 
= 35 nm (Figure 4.7b), as well as the result that the in-plane vector component of the spontaneous 
polarization (P1) has a higher critical thickness than the out-of-plane component, P1 (Figure 4.4a), 
providing evidence that the in-plane polarization of BiFeO3 becomes unstable below 30 nm. 
Qualitatively, the sigmoid-type shape of the area fraction of two-step switching in Figure 4.13d is 
similar to the in-plane piezoelectric surface displacement in Figure 4.4b (red squares), indicating 
there may be a common origin between the static and dynamic measurements of the spontaneous 
polarization of BiFeO3 as a function of film thickness. The possible destabilization of in-plane 
components of the spontaneous polarization of BiFeO3 is a compelling finding; more work is 
required to understand the origin of this effect. 
 
 79 
 
4.3. Summary 
These analyses of nanoscale ferroelectric behavior in BiFO3 presented in this chapter 
represent a novel, AFM-based combinatorial approach for fundamentally understanding the size 
dependence of functional materials properties. Tomographic AFM allows for scaling phenomena 
to be explored on a single sample within a single imaging field of view, providing a level of 
statistical confidence not obtainable with macroscopic measurements via representing each 
imaging pixel as a discrete capacitor element. By combining the sub-nanometer thickness 
resolution of AFM with the direct identification of domain nuclei, this work presents a direct 
visualization reported of Kay-Dunn scaling in a ferroelectric, showing strong agreement of 
nanoscale data with classically-derived theory. In addition, the magnitude of the spontaneous 
polarization as a function of BiFeO3 film thickness was found to obey Landau-Ginzburg-
Devonshire theory for both measurable components of the spontaneous polarization, P3 and P1, 
with different critical thicknesses observed for each component. Statistical analysis of the 
thickness dependence of both the spontaneous polarization and ferroelectric coercive voltage 
indicate strong statistical confidence in the variable-thickness data obtained from ex situ 
measurements of BiFeO3 subtractively fabricated using tomographic AFM.  
 
 
 
  
 
 
 
 80 
 
5. Dynamic Conductivity and Electrically Conductive Defects in BiFeO3 
 
The focus of this chapter is to determine the relationship between the spatiotemporal 
dynamics of ferroelectric switching and the formation and electrical properties of conductive 
defects in BiFeO3. There have been numerous reports on the enhancement of electrical 
conductivity of ferroelectric domain walls in ferroelectrics1–4, however the relationship between 
ferroelectric switching and the defect-dominated electrical properties of BiFeO3 is not well 
understood. Preliminary experiments have suggested that the properties of conductive defects in 
BiFeO3 are controlled by the progression of ferroelectric switching; this relationship will be 
explored in this chapter. Following ferroelectric switching, the locally-resolved, spatially 
inhomogeneous I-V response (also referred to as leakage current) of BiFeO3 is analyzed in the 
context of several well-accepted conductivity models for ferroelectric oxide materials. The 
primary goal of the work presented in this chapter is twofold; to extract electronic properties of 
BiFeO3 for comparison with prior reports in the literature, and to establish a working theory for 
the mechanisms of electrically conductive defects in BiFeO3 to assist with the interpretation of 
novel tomographic electrical conductivity data presented in Chapter 6. 
 
5.1. Principles of Electrical Conductivity 
Electrical conduction in solid materials results from the net motion of free charge carriers 
within a material specimen in response to an applied electric field, E. When the free carriers are 
electrons, for example, the direction of motion of electrons is antiparallel to the applied field as a 
result of the coulombic attraction between the positive terminal of the applied field and the 
negatively-charged electrons. The electric current, I, is equal to the flow of electric charge past a 
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point in space per unit time (I = dq/dt) and is by convention parallel to the applied field when the 
free carriers are electrons. The net motion of free carriers is commonly described by the average 
velocity, or drift velocity (vd), of the free carriers, which is a function of the applied electric field, 
the intrinsic properties of the conducting material, and extrinsic considerations such as 
temperature, crystal defects, and physical surfaces in the conductor.  
The degree to which a solid material conducts electrical charge is captured in the 
relationship between the electric current density, J, a rank-one tensor equal to the electrical current 
(I) per unit area through a surface normal to the direction of current flow (J = I/A), and the applied 
electric field, E, a rank-one tensor equal to the first derivative of the electric potential with respect 
to each spatial dimension (x, y, z). This relationship is formally defined in Equation 5.1, 
𝑱 = 𝜎
𝜕𝑉
𝜕𝒓
= 𝜎𝑬 5.1 
where σ is the electrical conductivity, a physical property of any material that has the ability to 
conduct electric charge and is a measure of the ease of which free carriers are able to move within 
a material under the effect of an applied electric field. Equation 5.1 is generally true for anisotropic 
materials, i.e. materials with no crystallographic dependence of physical properties. In reality, the 
electrical conductivity is a rank-two tensor that relates the electric field vector to the current density 
vector and depending on the crystallographic symmetry of the parent crystal can show anisotropy 
along two or more crystal directions5. For anisotropic materials, Equation 5.1 is rewritten as  
𝐽𝑖 = −𝜎𝑖𝑘
𝜕𝑉
𝜕𝑟𝑘
= 𝜎𝑖𝑘𝐸𝑘 5.2  
The linear relationship between current density and electric field shown in Equation 5.1 and 5.2 is 
most accurate for metallic materials with high carrier density. The electrical conductivity of 
semiconductors and insulators is commonly field-dependent, resulting in non-linear relationships 
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between J and E. The isotropic electrical conductivity of a material can be directly related to the 
microscopic properties of the material, as shown in Equation 5.3, 
𝜎 = 𝑛𝑞𝜇 5.3 
where n is the number of free charge carriers per unit volume, q is the coulombic charge per carrier, 
and μ is the free carrier mobility in units m2 V-1 s-1. The free carrier mobility is related to the drift 
velocity through vd = μE. Electrical conductivity in metals is generally high (106 to 107 -1 m-1) 
due to the large number of energy states available for free carriers (e.g. electrons) to occupy, 
resulting in a large number of free electrons in the crystal that are delocalized from positively-
charged ion cores that are bound to the crystal lattice. Conversely, electrical conductivity in 
intrinsic/undoped semiconductors and insulators is generally low (10-20 to 10-10 -1 m-1) since 
nearly all of the electrons in the crystal are tightly bound to their respective atomic nuclei, resulting 
in a gap between the energy of occupied and conduction states that prohibits large numbers of 
electrons from participating in macroscopic drift/conduction. In addition to intrinsic atomic 
properties affecting the electrical conductivity of a material, extrinsic factors can have strong 
effects on the electrical conductivity. In semiconductors and insulators, increasing temperature 
generally increases the electrical conductivity by spreading the electronic density of states of the 
material and resulting in increased numbers of electrons being promoted into conduction states. In 
metals, increasing temperature generally has the converse effect, owing to two primary factors: 1) 
at room temperature the electron occupation in conduction states is high, so increasing temperature 
does not increase the volumetric density of free carriers substantially, and 2) increasing 
temperature increases the kinetic energy of the electrons resulting in more frequent electron-
electron and electron-phonon scattering events and decreasing the mean mobility of electrons 
(mobility being inversely proportional to free carrier scattering frequency). Crystal defects such as 
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dislocations, grain boundaries, and crystal surfaces also play a strong role in conduction processes 
in solids, generally decreasing the free carrier mobility relative to the bulk single crystal material 
as a result of increased scattering frequency between free carriers and crystal defects. 
 
5.2. Conductivity Mechanisms in BiFeO3 Thin Films 
Within the context of electrical conductivity, most ferroelectric materials generally have 
the properties of electrical semiconductors or insulators, with electrical conductivities for single 
crystal specimens on the order of 10-10 to 10-2 -1 m-1 at 298 K. The broad range of experimental 
electrical conductivities of ferroelectric thin films reflects the strong dependence of electrical 
properties on extrinsic factors affected by film deposition processes, e.g. grain size/film thickness, 
oxygen vacancy concentration, and overall defect density. Chemical doping and modification of 
stoichiometry has the ability to change both the magnitude and mechanism of electric conductivity 
in ferroelectric materials6–8, predominantly modifying the free carrier density and/or majority 
carrier type (electrons or holes), which has the potential to change carrier motion from emission-
type at electrode interfaces to hopping-type localized to lattice defects and trap states. Macroscopic 
measurements of the electrical properties of thin film BiFeO3 employing metal-BiFeO3-metal 
capacitor structures with well-defined geometry indicate a zero-field electrical conductivity near 
10-5 -1 m-1 at 298 K9. 
The majority of reports on the electronic properties of BiFeO3 suggest that electrical 
conduction is dominated not by free carrier or ionic conduction through the bulk, but by 
electron/hole motion at and/or around ferroelectric domain walls. During film growth of BiFeO3 
ferroelastic domains commonly form to minimize the strain energy associated with the in-plane 
components of the [111]pc-oriented spontaneous polarization, i.e. the rhombohedral distortion of 
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the R3c structure. Altering growth conditions can have the effect of changing the majority domain 
wall type in BiFeO3
10, regardless of domain wall type (71°, 109°, 180°) local investigations into 
the electrical properties of BiFeO3 consistently indicate that electrical conduction at domain walls 
dominates the electrical response of these films11,12. Reports of the electrical properties of 
monodomain BiFeO3 thin films are much less common than polydomain BiFeO3, as monodomain 
BiFeO3 films are stabilized only under specific growth conditions and substrate preparations
13,14. 
A systematic study of the effects of areal domain wall density on the electrical conduction 
properties of BiFeO3 would provide substantial evidence of relative effects of domain walls on 
electrical properties. The most reliable way of modifying domain width, thereby increasing domain 
wall density, is by varying film thickness15–17, however film thickness often substantially affects 
not only the domain wall density but also the domain wall type/angle18, as well as the electric and 
dielectric properties of ferroelectric thin films19,20, preventing an accurate assessment of the role 
of domain walls on overall conduction processes.  
The origin of the enhanced conduction at domain walls and domain interfaces in BiFeO3, 
and more broadly polydomain ferroelectric thin films, is likely associated with the abrupt 
reorientation of one or more vector component of the spontaneous polarization across a 
ferroelectric domain wall. In BiFeO3, such reorientations of the polar vector typically occur across 
5-10 unit cells3,21,22, and are often referred to as a polar discontinuities or polarization 
discontinuities. The presence of different types of domain wall interfaces has also been shown to 
strongly affect the electrical properties of BiFeO3 and other multiferroic materials
2, with “charged” 
domain interfaces typically showing electrical conductivities one or more orders of magnitude 
higher than bulk and uncharged domain interfaces23–25. As shown in Chapter 2, charged domain 
walls or domain interfaces in BiFeO3 are defined by the antiparallel alignment of the in-plane 
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vector component of the spontaneous polarization across a domain wall, and are commonly 
referred to as “head-to-head” or “tail-to-tail” domain walls. At charged domain walls, theoretical 
studies have suggested the presence of elevated number of free charge carriers2,26, as well as 
localized conduction band lowering by ~0.1 eV27 due to the electrical potential that results from 
the static bound charge from termination of the polar vector on both sides of a domain wall. 
Similarly, the presence or absence of electrical conduction at polar interfaces is claimed to be the 
result of accumulation or depletion of majority free carrier type (electrons or holes) from the bulk 
to an oppositely-charged domain wall. An accurate description of the magnitude and nature of 
electrical conduction at charged domain walls in ErMnO3 was provided by Meier
2 using the 
electrical conductance (G), through application of the static domain wall conductivity model of 
Eliseev26 with modifications to account for the spatial spreading of injected charge carriers from 
an electrically-biased AFM probe. Other emergent electronic properties of domain walls have been 
observed in BiFeO3 using scanning probe methods, including metallic-like temperature 
dependence of electrical conductivity28,29, as well as the continuously variable conduction as a 
function of domain wall geometry2,30. 
An alternate theory for the enhanced conduction at domain walls in ferroelectric materials 
suggests that there is a local electric field enhancement at domain walls that arises from the 
interaction of the applied electric field and the discontinuity of polarization in the few unit cells 
surrounding the domain wall31. The field enhancement drives addition current through the regions 
surrounding the domain wall, giving the impression of elevated conduction at the domain wall. 
This effect seems implausible in BiFeO3 for to two primary observations; 1) the polar discontinuity 
in several domain wall interfaces arises primarily from the in-plane component of the spontaneous 
polarization, while the driving force for free carrier motion at both bulk and domain walls in thin 
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films in the out-of-plane/normal component of the electric field, and 2) defect chemistry at domain 
walls appears to strongly effect electrical conduction processes at domain walls. Atomic-resolution 
electron energy loss spectroscopy (EELS) during STEM has revealed accumulation of Fe4+ defects 
and Bi vacancies at domain walls in BiFeO3
32, suggesting the p-type, defect site hopping as the 
underlying mechanism of conductivity of domain walls in BiFeO3. Also employing EELS and 
alongside semiclassical modeling, it was revealed that a slight reduction in the valence state of Mn 
atoms at head-to-head domain walls in ErMnO3 indicates an increase in free electron density at 
such walls33. It is also well known that oxygen partial pressure during film cooling and/or 
annealing has a substantial impact on the electrical conduction in BiFeO3
12,32,34, with reports of 
both enhanced12,34 and suppressed32 location conductivity with respect to oxygen vacancy 
concentration. Oxygen vacancies often act as donor/n-type defects in oxides as a result of the non-
bonding electrons available for lattice delocalization, and the relative disagreement in these reports 
is likely due to bismuth and iron non-stoichiometry in the bulk film7.  
A number of reports have been made to date that attempt describe the field-dependent 
electrical properties of BiFeO3 according to well-established models of electrical conductivity in 
thin dielectric films, using both macroscopic and scanning-probe methods. Several conduction 
mechanisms have been reported in the literature in an attempt to quantify the device-level, 
functional electrical properties of BiFeO3 thin films. The two most commonly reported 
mechanisms are interface-limited Schottky emission and bulk-limited Poole-Frenkel hopping, with 
space charge-limited conduction11 and Fowler-Norheim tunneling34 being reported for low-field 
and high-field regimes, respectively. Schottky emission is an interface-limited conduction 
mechanism where the difference in Fermi level between a metallic electrode and a semiconducting 
or insulating film in contact with one another, defined as the Schottky barrier B, must be 
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overcome by field-driven motion of free charge carriers35,36. Electrical conduction according to the 
Schottky model is dominated by the injection or emission of charge carriers from an electrode and 
into the bulk of the film, and is defined by Equation 5.4, 
𝐽 = 𝐴𝑇2 exp [
1
𝑘B𝑇
(
𝑞3𝐸
4𝜋𝜀o𝜀r
)
1 2⁄
−
ΦB
𝑘B𝑇
] 5.4 
where A is the Richardson constant, T is the temperature, q is the free carrier charge, B is the 
Schottky barrier height, r is the relative dielectric permittivity, o is the vacuum permittivity, and 
kB is the Boltzmann constant. The electric field, E, is commonly rewritten as V / h, i.e. the parallel 
plate capacitor assumption. When I-V response data for a thin film, plotted as ln(J) vs. E0.5, results 
in a linear trend, the slope and intercept of that trend can be used to extract the dielectric 
permittivity and Schottky barrier height of the film, respectively. Fitting of the I-V response of 
BiFeO3 to the model of Schottky emission has commonly produced reasonably accurate values for 
the physical parameters extracted from the model, specifically the optical dielectric permittivity 
and the Schottky barrier height. Both macroscopic capacitor-based measurements and scanning 
probe measurements of domain walls in BiFeO3 and Pb(Zr,Ti)O3 have resulted in dielectric 
permittivity in the range of 0.5-101,9,11,31, where the expected value is r = n2 = 6.25, n being the 
optical index of refraction for BiFeO3. Reports of the Schottky barrier height (B) are commonly 
below 1 eV. Modifications to the model of Schottky emission have been made to explain and 
correct for non-physical values extracted of r and B extracted from the model, the results of 
which combine the effects of bulk-limited, defect-hopping-type conduction within the context of 
interface-dominated charge injection and emission effects37,38.  
Poole-Frenkel hopping is a bulk-limited conduction mechanism where mobility is defined 
by free carriers hopping between defect, or trap states. In the case of free electrons, trap states are 
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physically localized regions, typically associated with lattice defects such as atomic vacancies, 
where there is lowering of the conduction band, and a specific energy barrier is required to promote 
the electron out of the trap and back into the bulk conduction band. In Poole-Frenkel conduction, 
bulk electrical current is characterized by free carriers falling into, rising out of, and “hopping” to 
the next trap over macroscopic distances. The mechanism of Poole-Frenkel hopping is defined by 
Equation 5.5, 
𝐽
𝐸
= 𝜎o exp [
1
𝑘B𝑇
(
𝑞3𝐸
𝜋𝜀o𝜀r
)
1 2⁄
−
Φt
𝑘B𝑇
] 5.5 
where σo is the zero-field electrical conductivity, and t is the trap ionization energy. Poole-
Frenkel hopping appears to be mechanistically similar to Schottky emission in terms of the form 
of the equation describing the relationship between electrical current density and applied field, and 
I-V response data of BiFeO3, when plotted as ln(J / Ez) vs. Ez
0.5 produces a linear trendline, however 
values for the dielectric permittivity are often greater than the value extracted from the Schottky 
model (and the accepted value, r = 6.25) by a factor of 5-10. This discrepancy either indicates the 
exclusion of bulk-limited Poole-Frenkel hopping as a valid mechanism for electrical conductivity 
in BiFeO3, which is contrary to recent structural investigations of domain walls in BiFeO3
32, or 
suggests that the calculated values of the electric field, which is present in the ordinate of the Poole-
Frenkel mechanism, are incorrect. A recent reexamination of the claimed validity of the Poole-
Frenkel mechanism has suggested that the likelihood of Poole-Frenkel hopping as the dominating 
conduction mechanism in high-bandgap dielectric films is exceedingly unlikely39, due to the 
required condition of perfectly compensated acceptor-like and donor like-traps at very high 
densities in order to produce accurate values of the dielectric permittivity. 
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The field-dependence of conductivity in BiFeO3, and more broadly in thin film 
ferroelectrics, seems to be relatively consistent across the available literature, however the 
temperature-dependence of the electrical conductivity of both bulk and domain interfaces of 
ferroelectrics is much less clear. Competing reports of metal-like and semiconductor-like 
temperature response exist, and the mechanistic explanation for both behaviors seem equally 
plausible. Again, the disagreement in experimental results as a function of temperature suggests 
the presence of off-stoichiometry in the bulk film, since the films in these reports have often been 
synthesized using different methods (RF magnetron sputtering, pulsed laser deposition), and 
bismuth volatility40 often leads to Bi-deficiency at deposition temperatures above 600° C. 
Furthermore, experimental evidence suggests that bulk film stoichiometry affects defect chemistry 
at domain walls, leading to changes in electrical conduction at domain interfaces, which as stated 
before are often the dominating component in electrical conduction of ferroelectric thin films.  
 
5.3. Mobile, Conductive 109° Domain Walls 
As described in Chapter 2 of this dissertation, the AFM can be used to simultaneously 
measure the spatial position of ferroelectric domains and induce electric field-driven temporal 
ferroelectric switching. The investigation into the electrical properties of conductive defects in 
BiFeO3 discussed in this chapter results from a defined experimental protocol that allows for the 
temporal tracking of conductive ferroelectric domain walls, followed by the formation and 
quantitative measurement of such defects in BiFeO3. First, ferroelectric switching is performed 
within a defined area using the AFM at constant DC voltage bias while simultaneously acquiring 
PFM and CAFM data. Immediately following ferroelectric switching, one or several current-
voltage (I-V) sequences are performed within the switched area, using the AFM to apply an 
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increasing DC voltage bias while simultaneously measuring locally-resolved probe current. The 
increasing DC voltage bias applied across the BiFeO3 film commonly results in spatially 
inhomogeneous electrical characteristics that can be related to the ferroelectric domain geometry 
(measured using PFM). Thin film BiFeO3 often shows diode-like electrical behavior, so the voltage 
polarity used to induce ferroelectric switching (positive or negative) must correspond to the non-
zero side of the I-V response curve. The inhomogeneity of the current-voltage (I-V) response in 
BiFeO3 can then be analyzed relative to both the static ferroelectric domain morphology as well 
as to the dynamics of the prior ferroelectric switching sequence in an attempt to identify the origin 
of the enhanced electrical conductivity of ferroelectric domain wall defects in BiFeO3. To assist 
with the interpretation of the figures and results in this chapter, refer to Table 2.2 for details 
regarding the relationship between PFM phase signals and the crystallographic orientation of 
spontaneous polarization. 
Figure 5.1 shows a series of AFM images from a ferroelectric switching sequence on 2-
variant BiFeO3 (h = 120 nm) for three simultaneously-acquired AFM data channels: out-of-plane 
PFM phase (Fig. 5.1a, 3 = P3), in-plane PFM phase (Fig 5.1b, 1 = P1), and the base-10 logarithm 
of probe current (Fig. 5.1c, log10(I)). The switching sequence was performed at 3.5 V DC (in 
addition to the V AC imaging signal), and the time (t) for each frame listed in Figure 5.1a 
corresponds to the elapsed time of the AFM probe on a given imaging pixel. The out-of-plane 
PFM phase sequence in Figure 5.1a clearly shows complete out-of-plane ferroelectric switching 
from uniformly P3- to uniformly P3+ within the imaging field of view, and there is visual evidence 
that the in-plane PFM phase has switched completely (P1- has switched to P1+ and vice-versa) in 
the majority of the field of view. A formal vector analysis of out-of-plane and in-plane polarization 
switching will be performed later in this chapter. The probe current measured during ferroelectric 
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switching, Figure 5.1c, also shows dynamic behavior during the process of ferroelectric switching. 
Most evident is the apparent correspondence between the location of out-of-plane 109° domain 
Figure 5.1: Ferroelectric switching sequence on 2-variant BiFeO3 (h = 120 nm) at 3.5 VDC. a) 
Out-of-plane PFM phase, b) in-plane PFM phase, c) base-10 logarithm of probe current. 
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walls (interfaces separating P3- and P3+ domains) in Figure 5.1a and the areas of elevated probe 
current in Figure 5.1c. This qualitative observation suggests that out-of-plane 109° domain walls 
in BiFeO3 have electronic properties that are not defined by stationary, structural defects in the 
film such as dislocations, but are defined by mobile interfaces of ferroelectric polarization. The 
majority of the literature reporting on the electronic properties of BiFeO3 have identified 
ferroelectric domain walls as the leading cause for elevated leakage current in BiFeO3 thin films, 
however few reports exist on the mobility of conductive domain walls. This creates a challenge in 
assigning the microscopic origin of the elevated conductivity, since ferroelectric domain walls 
could and often do form near structural defects in thin films.  Previous reports have shown that 
elevated conductivity is observed in artificially-formed domains28,30, however such domains could 
have formed around structural defects in the film41. Figure 5.1c shows that the electrical 
conduction of BiFeO3 is largely isolated to the exact location of 109° domain walls regardless of 
their location within frame, and that the domain wall conduction has a rapid response (<100 μs) to 
changes in the spatial configuration of ferroelectric domains. For each frame shown in the 
sequence of Figure 5.1c, there is little evidence of the location of a domain wall in a prior frame; 
the elevated probe current is strongly localized to the out-of-plane 109° domain walls both spatially 
and temporally. Also evident in the probe current of Figure 5.1c is the slightly elevated current 
response of in-plane 71° domain walls (near-vertical stripes), most noticeable in the first and final 
frames of the sequence. This combination of observations provides qualitative evidence that out-
of-plane 109° domain walls and 71° domain walls, although both interfaces separating regions of 
different polarization, have dramatically different electrical properties in BiFeO3.  
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5.3.1. Comparison with Ferroelectric Displacement Current 
Prior to analyzing the I-V response of BiFeO3 measured with the AFM, one theoretical 
scenario must be considered. The electrical current measured during ferroelectric switching, shown 
in Figure 5.1c, could be the result of what is commonly called the ferroelectric displacement 
current and not the result of conductive domain walls, so a brief treatment of displacement currents 
in ferroelectric materials is required. For a uniaxial ferroelectric with spontaneous polarization 
oriented along the [001] crystal direction, the change in polarization state from [001̅] (P 3-) to [001] 
(P 3+) involves the reorientation of charged ions (B-site cations in the ABO3 perovskite oxides) 
within the unit cell. This reorientation occurs throughout the crystal, including at the surfaces, thus 
changing the surface charge density by a factor of 2Ps. Since ferroelectric switching is a 
kinetically-limited process, this change in surface charge density occurs over a period of time 
which can be measured as an electrical current within an electrical circuit containing a ferroelectric 
material connected to a voltage source. Ideally, the transient electrical current (i.e. displacement 
current) measured during ferroelectric switching at constant DC voltage bias can be integrated 
over time to arrive at the total charge transferred during switching; when divided by the area over 
which switching occurred, the charge per unit area, C m-2, can be calculated. Equivalently, the 
formal displacement current (in units A m-2) can be integrated over the ferroelectric switching time 
to arrive at charge per unit area. This surface charge density is directly related to the bulk 
spontaneous polarization in ferroelectric materials, also in units C m-2 (commonly reported as μC 
cm-2). Since the integrated current density is theoretically equal to the switched spontaneous 
polarization in a uniaxial ferroelectric, the experimental method of measuring electrical current 
transients during ferroelectric switching is commonly employed for the determination of the 
spontaneous polarization. Historically, most displacement current experiments have been 
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performed on metal-ferroelectric-metal capacitor structures with well-defined geometry, however 
similar measurements have recently been extended to the AFM for locally-resolved measurements 
of spontaneous polarization42. 
Figure 5.2 shows the results when the probe current measured during ferroelectric 
switching (Figure 5.1c) is assumed to be the ferroelectric displacement current. The probe current 
of each pixel is recorded as a function of time, and then integrated over the time when the probe 
current was elevated over the detection limit (~8 pA). The spontaneous polarization is then 
calculated as the integrated charge divided by the pixel area, in this case 190.7 nm2. Figure 5.2a 
shows a spatial map of the calculated spontaneous polarization (P3) that results from the probe 
current sequence of Figure 5.1c. Immediately evident is the magnitude of the spontaneous 
polarization; the majority of the image has a calculated value between 5,000 and 15,000 μC cm-2, 
which is approximately 2 orders of magnitude higher than the generally accepted value of 
spontaneous polarization for BiFeO3 (50 to 100 μC cm-2). Figure 5.2b shows a time series of probe 
current for several pixels extracted from Figure 5.1c (x = 0.5 μm, y = 2.9 μm), the integral of which 
results in the values populating the map in Figure 5.2a. The extreme mismatch between the 
calculated and accepted values of spontaneous polarization in BiFeO3 allow a high degree of 
confidence to be placed on the theory that the elevated conductivity shown in Figure 5.1c results 
from the increased electrical conduction through out-of-plane 109° domain walls, and not from the 
ferroelectric displacement current. In order to produce a calculated value of the spontaneous 
polarization of 50 μC cm-2 in the sequence shown in Figure 5.1, the electrical current per pixel 
would have to be on the order of 0.5 pA (which is below the detection limit for the experimental 
apparatus) for a single frame, without considering any overlap in the contact area or applied electric 
field between adjacent pixels. Combined with the anomalously high values for the spontaneous 
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polarization shown in Figure 5.2, these factors preclude the possibility that the dynamic electrical 
current measurements during ferroelectric switching in the BiFeO3 sample tested are the result of 
ferroelectric displacement current.  
 
5.4. Formation of Charged Domain Wall Defects 
The final frame in the sequence of Figure 5.1c shows several small, circular regions of 
elevated probe current remaining at the completion of ferroelectric switching that did not exist at 
the beginning of the sequence (both frames at 3.5 V DC). The remaining sections of this chapter 
will be dedicated to determining the origin and behavior of these conductive defects, as well as 
quantifying the impact of such conductive defects on the overall current-voltage response/leakage 
characteristics of BiFeO3 films for 2-variant, as well as 4-variant BiFeO3 films.  
 
Figure 5.2: a) Calculated spontaneous polarization (Ps) for 2-variant BiFeO3 (h = 120 nm) from 
electrical current measured during ferroelectric switching. b) Time series of probe current for a 
group of nine adjacent pixels from Figure 5.1c, x = 0.5 μm, y = 2.9 μm.  
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5.4.1. Relationship to Ferroelectric Switching Dynamics 
As stated in Chapter 2, ferroelectric BiFeO3 has its spontaneous polarization (Ps) oriented 
along the [111]pc family of crystal directions, and epitaxial thin films of BiFeO3 can be grown in 
such a way as to restrict the total number of [111]pc equivalent polarization directions that 
physically exist in the film. The BiFeO3 displayed in Figure 5.1 is considered 2-variant BiFeO3, in 
that the polarization can occupy one of four possible directions, [111]pc, [1̅11]pc, [1̅1̅1̅]pc, and 
[11̅1̅]pc, resulting in two types of ferroelectric domains exist in the as-grown film, [1̅1̅1̅]pc, and 
[11̅1̅]pc. The out-of-plane/normal component of the spontaneous polarization is pointing into the 
film, the [010]pc component (also referred to as the y-component) is uniform throughout the film, 
and the angle between the [100]pc components for adjacent domains is 71°, producing what are 
referred to as 71° domain walls. The stripe-type contrast in Figure 5.1b indicates 71°, in-plane 
ferroelectric domains commonly seen in BiFeO3. With the AFM cantilever oriented along the 
[010]pc direction in BiFeO3, as is the case in Figure 5.1, ferroelectric switching observed in both 
the out-of-plane (P3, panel a) and in-plane (P1, panel b) piezoresponse is generally indicative that 
full 180° polarization reversal ([1̅1̅1̅]pc to [111]pc or [11̅1̅]pc to [1̅11]pc) has occurred. Using the 
vector-resolved piezoresponse (from PFM), an analysis of the switching process in Figure 5.1 can 
be completed. In addition to determining when in the experimental cycle a given area (i.e. pixel) 
has undergone a ferroelectric switching event, the relative timing of P3 and P1 switching can be 
determined, showing 2-step switching as previously demonstrated on a similar BiFeO3 film
43. 
The apparent correspondence between 109° domain walls (interfaces separating P3- and 
P3+ domains) and elevated electrical conduction during ferroelectric switching suggests that the 
location of the conductive defects following ferroelectric switching may be related to the 
progression of 109° domain walls during the sequence. Figure 5.3 shows the relationship between 
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the temporal evolution of 109° domain walls from Figure 5.1a, and the probe current from the final 
frame in the switching sequence, t = 6.0 ms, V = 4.0 V DC. Figure 5.3a shows the location of 109° 
domain walls as a function of time for all imaged frames during the ferroelectric sequence; the 
color of each line segment corresponds to the experimental time (i.e. frame), which is equivalent 
to the frame times indicated in Figure 5.1a. Red arrows have been used to identify areas of interest 
in the domain wall sequence that have corresponding conductive defects in the probe current 
following switching, Figure 5.3b. The four red arrows in Figure 5.3a indicate areas where 109° 
domain walls appear to have “closed in” on a specific x-y position, similar to closing an 
aperture/diaphragm in the illumination path of an optical microscope, as evidenced by concentric 
circular domains with decreasing radius as a function of experimental time, t. This closure-type 
behavior is distinct from linear domain wall motion, where a planar domain wall generally moves 
unidirectionally past a given point in the x-y plane (e.g. x = 2.5 µm, y = 4.0 µm in Figure 5.3a). 
During the early stages of ferroelectric switching in 2-variant BiFeO3 progresses, 109° domain 
walls are free to move throughout the x-y plane, in whichever direction is energetically most 
Figure 5.3: Comparison of ferroelectric switching dynamics and residual electrical current 
following switching. a) Temporal evolution of 109° domain walls, b) probe current at t = 6.0 ms, 
V = 4.0 V DC. Red arrows identify areas of interest. 
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favorable given the current position of the domain wall and any underlying defects in the film that 
modify the energy landscape for polarization reversal. Once a substantial portion of the field of 
view has undergone ferroelectric switching and the motion of 109° walls is more confined (under 
constant electric field, a domain wall can generally only move in the direction of domains that 
have not yet switched from P3- to P3+), 109° domain walls eventually approach and recombine 
with nearby 109° walls in order to complete ferroelectric switching over a given area. As evidenced 
by the residual electrical conduction at areas where 109° domain walls appear to have “closed”, it 
is reasonable to assume that full polarization switching from P3- to P3+ has not occurred at some 
closure sites, leaving behind either static, one-dimensional 109° domain wall defects that are 
resistant to full polarization reversal due to an increased energy barrier for switching at charged 
domain defects, or causing nonlinear polarization reorientation at such interfaces21.  
Several conductive defects present in Figure 5.3b do not show measurable 109° domain 
wall closure, namely at x = 3.0 µm, y = 4.5 µm and x = 1.0 µm, y = 2.5 µm (adjacent to red arrow), 
so the dynamics of 109° domain wall closure as a theory for the origin of conductive defects in 
BiFeO3 is incomplete and must be expanded. Using vector-resolved PFM, the local 
crystallographic orientation of Ps during and following ferroelectric switching can be compared to 
the starting orientation on a pixel-by-pixel basis in order to determine the relative change in 
orientation of the polar vector as a function of time. Figure 5.4a-c shows the in-plane polarization 
orientation (1, panel a), polarization switch angle (ΔP, panel b), and base-10 logarithm of the 
probe current (panel c) at t = 6.0 ms (immediately following the sequence of Figure 5.1) and V = 
4.0 V DC. The polarization switch angle (ΔP) shown in Figure 5.4b is a calculated parameter that 
indicates the degree to which a given area has undergone ferroelectric switching. ΔP = 180° 
indicates full ferroelectric switching from [1̅1̅1̅]pc to [111]pc, with switching observed in both out-
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of-plane (P3) and in-plane (P1) components of the polarization, while ΔP = 109° corresponds to 
only out-of-plane switching (P3- to P3+) , with no in-plane reorientation observed (P1- does not 
reorient to P1+). Locations where ΔP > 180° is mostly due to slight parallax in the PFM 
measurement of in-plane domain walls, and not large numbers of in-plane switching events. Red 
and white arrows in Figure 5.4 indicate areas where there appear to be anomalies/nonlinear 
interfaces in the final in-plane domain/polarization morphology (1) that correlate with both 
regions that have only undergone 109° polarization switching (ΔP = 109°) as well as conductive 
defects not identified as being the result of 109° domain wall closure. The geometry of the 
conductive defect identified with the white arrow in Figure 5.4c strongly correlates with the region 
that has undergone only 109° switching in Figure 5.4b and appears to show a “missing stripe” in 
the in-plane domain configuration of Figure 5.4a, also identified by the white arrow. Similar 
statements can be made about the conductive defect identified by the red arrow, implying that 109° 
Figure 5.4: a) In-plane piezoresponse, b) polarization final switched angle, c) probe current at 
4.0 V DC, following ferroelectric switching on 2-variant BiFeO3. d) – f) Following a 5 ms hold 
at 8.0 V DC. 
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domain walls that remain at the completion of a ferroelectric switching cycle are also sources of 
conductive defects, which more broadly contribute to higher levels of leakage current in BiFeO3 
films.  
 
5.4.2. Stability and Mobility of Charged Domain Interfaces 
Figure 5.4d-f shows the in-plane polarization orientation (1, panel a), polarization switch 
angle (ΔP, panel b), and base-10 logarithm of the probe current (panel c) for the same area as 
Figure 5.4a-c, however after a large DC bias (V = 8.0 V VDC) was applied throughout the field of 
view for 5 ms. Similar to Figure 5.4a-c, the data shown in Figure 5.4d-f is following ferroelectric 
switching within the field of view. As mentioned previously, the origin of many of the conductive 
defects shown in Figure 5.4c following ferroelectric switching appears to be related to the 
dynamics of 109° domain wall motion during the late stages of ferroelectric switching, suggesting 
that there are regions where the potential barrier for ferroelectric switching is locally increased, 
possibly due to the coulombic repulsion of charged ferroelectric domain walls in close proximity. 
This increased potential barrier manifests as spatial heterogeneity of the ferroelectric coercive 
field, Ec. The application of 8.0 V DC for several imaging frames has the effect of completing 180° 
switching in some regions that had only switched by 109° after the application of 4.0 V DC (Figure 
5.4b), while simultaneously removing the conductive defects associated with those regions of 
incomplete ferroelectric switching. The regions identified by the red and white arrows in Figure 
5.4 are areas where the application of 8.0 V DC resulted in the completion of ferroelectric 
switching from 109° to 180°, thereby eliminating the electrically conductive defects in those 
regions. This process can be thought of as a type of field- or voltage-induced electrical annealing 
of the ferroelectric BiFeO3 film, where a large voltage bias surpasses local increases in the coercive 
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field providing the requisite driving force to complete 180° switching and remove conductive 
defects formed by incomplete polar reorientation. Following a high-voltage hold at 8.0 V DC, 
there are still regions where only 109° switching has occurred, as well as regions where conductive 
defects still exist, suggesting that voltage-based annealing does not have the ability to drive out all 
defects formed during ferroelectric switching.  
Qualitatively, the areas that remain only switched by 109° (Figure 5.4e) are regions where 
the in-plane polarization orientation (1, Figure 5.4d) has not changed, which spatially correlates 
with the existence of “bifurcations”, which are nonlinear, often parabolic inclusions in the array of 
as-grown, stripe-type domain walls. Domain wall bifurcations are defects in the energetically-
favorable stripe-type domain morphology of BiFeO3, where formation of stripe-type domain 
interfaces produces 71° ferroelastic domain walls in the (101)pc plane and provides maximal relief 
of strain energy imposed in the film during growth10. In addition to creating charged domain wall 
interfaces as the result of antiparallel alignment of the in-plane components of the ferroelectric 
polarization, domain bifurcations create lattice distortions3,33 that increase the mechanical strain 
energy surrounding the defect. Figure 5.5a and 5.4b shows that the existence of domain wall 
bifurcations in the as-grown film appears to effect the outcome of ferroelectric switching within 
the vicinity of the bifurcations (see x = 3.0 µm, y = 1.0 µm), however  it is difficult given the 
existing information to determine whether the locally enhanced electrical conduction arises from 
the nonlinear polar interfaces of the bifurcation or the 109° domain walls remaining at the 
completion of both ferroelectric switching (Figure 5.4c) as well as voltage-based annealing (Figure 
5.4f). Regardless of the origin, the electrically conductive regions in BiFeO3 appear to be strongly 
correlated to the dynamics and outcome of ferroelectric switching.  
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In addition to the static analysis of the location of electrical conductive defects in BiFeO3, 
the dynamics and mobility of such defects can also be examined. Figure 5.5 shows a temporal 
sequence of in-plane piezoresponse phase (1) and base-10 logarithm of probe current (I) for a 
different area of the same h = 120 nm, 2-variant BiFeO3 under and electrical bias of 4.0 V DC and 
after ferroelectric switching within the imaging area. Figure 5.5a-b was taken at t = 0 ms, 5.5c-d 
at t = 2 ms, and 5.5e-f at t = 4 ms. Red and white arrows indicate areas where a defect in the stripe-
type domain morphology (i.e. bifurcation) corresponds to a conductive defect. For the defect 
identified with the red arrow, the location of the defect continuously migrates in the -y direction 
as a function of experimental time; the location of the domain bifurcation (1) as well as the 
localized region of enhanced conduction move in tandem until they seemingly recombine with 
another conductive defect at x = 1.8 µm, y = 0.2 µm. This observation, along with the 
Figure 5.5: Mobility of conductive defects in h = 120 nm, 2-variant BiFeO3. a), c), e) In-plane 
piezoresponse phase, and b), d,) f) Probe current at t = 0 ms (a, b), t = 2 ms (c, d), and t = 4 ms 
(e, f). All frames at V = 4.0 V DC. 
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disappearance of a conductive defect coincident with elimination of the associated domain wall 
defect (white arrow) strongly supports the theory that elevated leakage current in BiFeO3 is highly 
localized to domain walls and charged domain wall interfaces, and not to immobile structural 
defects in the film. The increase in electrical current as well as an increase in the apparent size of 
the conductive defect in Figure 5.5e relative to the starting condition in Figure 5.5b suggests that 
excess free carriers that migrate to charged domain wall interfaces (in response to the potential 
created by the polar discontinuity) can be delocalized from their parent defect and form into 
“superstructures” of defects showing electrical conduction properties distinct from both the bulk 
as well as the isolated defect of origin. As a general observation, the linear velocity of the domain 
wall bifurcation marked by the red arrow is similar to the velocity commonly measured for 109° 
domain walls during ferroelectric switching, indicating that the field-driven motion of defects in 
the domain morphology is mechanistically similar to bulk domain wall motion in BiFeO3 thin 
films. 
 
5.5. Current-Voltage Response of 2-Variant BiFeO3 
Following ferroelectric switching on the h = 120 nm, 2-variant BiFeO3 thin film, a series 
of current-voltage (I-V) characteristic experiments were performed on the same area where 
switching was induced. In order to extract locally-resolved I-V from the BiFeO3 film, a series of 
increasing DC voltage biases were applied per-frame, across the film while measuring probe 
current at each imaging pixel. The conductive AFM probe and electrical current detection circuitry 
in the AFM allow for picoampere-level changes in local electrical current to be measured with an 
approximate spatial resolution of ~20 nm, as defined by the contact radius of the probe tip. To start 
the I-V experiment, 4.0 V DC was applied to the SrRuO3 back electrode with the tip at near-
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electrical ground for two imaging frames, while simultaneously collecting PFM data. Following 
the completion of two imaging frames, the DC voltage bias was increased by 1.0 V and the 
procedure was repeated up to and including a maximum DC voltage bias of 8.0 V DC. Figure 5.6 
shows the in-plane piezoresponse phase (1) alongside a sequence of probe current images at 
increasing DC voltage bias for the area imaged in Figure 5.1. The imaging voltages for Figure 
5.6b, 5.6c, and 5.6d are 4.0 V DC, 6.0 V DC, and 8.0 V DC, respectively. An increase in electrical 
current from approximately 10 pA (near the lower detection limit) to ~30 pA is observed 
throughout the majority of the imaging field of view, which is comprised of both within-domain 
“bulk”-type regions, as well as uncharged 71° domain walls. The conductive defects originally 
identified in Figure 5.4 are clearly visible at all applied DC voltages, and the I-V response of these 
defects appears to be similar to the bulk region albeit with higher values of probe current.  
The I-V response of targeted regions such as stable conductive defects can be extracted 
from the image sequence in Figure 5.6 to determine the mechanism of electrical conductivity 
relative to existing reports of transport processes in BiFeO3 thin films. Isolating the conductive 
Figure 5.6: I-V response of h = 120 nm, 2-variant BiFeO3 post-ferroelectric switching. a) In-
plane piezoresponse phase, b) probe current at 4.0 V DC, c) probe current at 6.0 V DC, d) probe 
current at 8.0 V DC. 
 105 
 
defects at (x = 3.5 µm, y = 1.5 µm)  and (x = 2.2 µm, y = 2.8 µm) and calculating the mean current 
response of a 10-by-10 pixel neighborhood for each region produces the I-V characteristic curves 
for Defect 1 (green triangles) and Defect 2 (red squares) in Figure 5.7, respectively. The data 
compromising the bulk data points (blue circles) is extracted from a large area removed from 
domain wall defects (bifurcations) and contains some portion of linear 71° domain walls, which at 
the range of DC voltage biases tested do not show significantly different I-V response from the 
bulk. Figure 5.7a shows a linear plot of I-V data for BiFeO3, while Figure 5.7b shows the same 
data plotted using axes according the Schottky model, ln(J) vs. √𝑉, from Equation 5.4. The 
linearization of the I-V response data in Figure 5.7b indicates that the mechanism of Schottky 
emission could be relevant in describing the plotted conduction behavior. While the data from the 
h = 120 nm, 2-variant BiFeO3 film is distinctly nonlinear as in Figure 5.7a, the same data acquires 
remarkable linearity in the “Schottky plot” of Figure 5.7b. Using the slope and intercept of the 
Figure 5.7: Current-voltage (I-V) response of h = 120 nm, 2-variant BiFeO3. a) Linear plot, b) 
plot with axes according to the model of Schottky emission, Equation 5.4. Datasets correspond to 
different regions extracted from Figure 5.6. Black dashed line is the lower detection limit. 
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linear least-squares fit of each dataset in Figure 5.7b and assuming Ez = V / h, the dielectric 
permittivity (r) and Schottky barrier height (B) can be calculated. For Defect 1, Defect 2, and 
Bulk data, the calculated values for r are 8.97, 7.11, and 6.96, respectively, and the values for B 
are 0.44, 0.45, and 0.48, respectively. The Richardson constant for free electrons, A = 120 A cm-2 
K-2 has been assumed for this calculation. The values of the dielectric permittivity are in 
remarkable agreement with the optical dielectric permittivity of BiFeO3, r = 6.25, and the Schottky 
barrier heights also produce seemingly reasonable values of < 1 eV. Similar plotting and regression 
of the I-V response data to the Poole-Frenkel model, ln(J / Ez) vs. V
0.5, produces linear plots as in 
Figure 5.7b, however the resulting values for the dielectric permittivity of 266.26, 149.30, and 
110.54 (same list order as above) are substantially greater than the predicted values. These results 
suggest that the mechanism of Schottky emission accurately describes the electrical conductivity 
behavior of BiFeO3 when measured using a conductive AFM probe, and seems to be in general 
agreement with the assessments of inapplicability of Poole-Frenkel hopping in thin dielectric 
films39. This assessment is conceptually intuitive, since it is widely believed that electrical 
processes induced by conductive AFM probes are interface-limited in nature. Sliding electrical 
contact between an AFM probe and planar film in the zero-indentation regime is imperfect, 
particularly compared to conformal film deposition in ultrahigh vacuum conditions, producing a 
resistive barrier between probe and sample that must be overcome using and electrical bias.  
In addition to measurements of targeted areas which have been selected manually for 
analysis (Figure 5.7), the Schottky emission model can be fit to local I-V response data in a pixel-
by-pixel manner, resulting in a continuous spatial map of the dielectric permittivity and Schottky 
barrier height. Invoking spatial averaging through the use of 48.8 nm by 97.7 nm (x by y) 
calculation cells, Figure 5.8 shows the result of fitting Equation 5.4 to the I-V response data 
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depicted in Figure 5.6 for the calculation cell surrounding each imaging pixel. Figure 5.8a-b show 
a spatial map and histogram of the dielectric permittivity of the imaging area also shown in Figure 
5.6. Figure 5.8c-d shows the equivalent presentation of the Schottky barrier height, B. Strong 
agreement is observed between the parameters calculated from Figure 5.7b and the histograms in 
Figure 5.8; the dielectric permittivity with the highest spatial occupation falls in the histogram bin 
between 6 and 7. Also noteworthy is the presence of regions in Figure 5.8a that show substantially 
increased values for r, shown as regions of white contrast. An increased value for r could be due 
to the non-uniform alignment of the out-of-plane vector component of the spontaneous 
polarization (P3), since the regions of elevated dielectric permittivity in Figure 5.8a appear to 
Figure 5.8: Locally-resolved calculation of the dielectric permittivity (r) and Schottky barrier 
height (B) for h = 120 nm, 2-variant BiFeO3 from Figure 5.6. a) r map, b) histogram of the r 
map, c) B map, d) histogram of the B map.  
 108 
 
correlate reasonably well with regions of incomplete/109° (not 180°) ferroelectric switching in 
Figure 5.4e. Another interesting observation is the occurrence of suppressed Schottky barrier 
height (Figure 5.8c) surrounding areas where conductive defects exist, implying that the emission 
of free carriers from an electrode and into conductive defects in BiFeO3 is energetically favorable 
to bulk emission at constant voltage, which provides useful information in the attempt to explain 
the origin of non-bulk-like electronic properties of conductive defects in BiFeO3. The existence of 
a polar discontinuity could conceivably alter the local potential barrier for carrier 
injection/emission at conductive defects due to the existence of unscreened variations in electric 
potential at the charged domain wall. One final qualitative observation can be made of the data 
presented in Figure 5.8; the stripe-type domain contrast is faintly visible in the spatial maps of both 
the dielectric permittivity and the Schottky barrier height, implying that even weakly-conductive, 
electrostatically neutral domain wall interfaces may possess non-bulk-like electronic properties. 
These observations convey the power and utility of scanning probe methods for the quantitative 
spatiotemporal electrical characterization of BiFeO3 and related materials, providing insight into 
the relationships between the dynamics ferroelectric polarization switching and electronic 
transport processes and properties at the sub-100 nm level.  
 
5.5.1. Current-Voltage Response of 4-Variant BiFeO3 
As noted previously, several reports exist on the heterogeneous electrical conduction of 
different domain wall types in thin film BiFeO3, resulting from the specific geometry of the polar 
discontinuities and commensurate free carrier accumulation in the primary domain wall types in 
BiFeO3: 71°, 109°, and 180° polar angles
3,44. A small number of reports exist on the relative 
electrical transport properties of 2-variant and 4-variant BiFeO3 thin films
23,24, a curious fact given 
 109 
 
the substantial differences in both transport and ferroelectric properties of the two different domain 
variants. Whereas the 2-variant domain morphology of BiFeO3 is dominated by head-to-tail, 
uncharged 71° domain walls that run along the [010]pc direction, the 4-variant domain morphology 
has a substantial area fraction of charged, head-to-head and tail-to-tail domain interfaces that run 
along the [100]pc and [010]pc directions and delineate subregions of 2-variant morphology. Both 
the 2-variant and 4-variant films have uniform out-of-plane spontaneous polarization (P3). Cross-
sectional TEM has shown that such charged, 4-variant domain interfaces have different through-
thickness geometry than uncharged domain walls in 2-variant BiFeO3; charged 4-variant domain 
walls exist in the (100)pc plane, in contrast to the uncharged (101)pc planar walls that dominate the 
2-variant morphology. In an effort to provide additional insight into the mechanistic differences in 
electrical conduction between 2-variant and 4-variant BiFeO3, a series of “repeat” experiments 
from Section 5.5 of this dissertation were performed on a h = 120 nm, 4-variant BiFeO3 thin film 
that excluding the substrate preparation (to induce the 4-variant-type in-plane ferroelectric domain 
morphology), is structurally and chemically identical to the h = 120 nm, 2-variant BiFeO3 film 
reported on in Section 5.5.  
Figure 5.9 shows the static in-plane ferroelectric domain morphology (Figure 5.9a) 
alongside series of I-V response images from h = 120 nm, 4-variant BiFeO3 taken at sequentially 
increasing DC voltage bias; 4.0 V DC (Figure 5.9b), 5.4 V DC (Figure 5.9c), and 7.4 V DC (Figure 
5.9d). Both the experimental procedure, as well as qualitative interpretation of the general results 
are similar to those presented for 2-variant BiFeO3 in Figure 5.6. Quantitative inspection, however, 
reveals that the magnitude of electrical current measured for the 4-variant BiFeO3 is substantially 
higher than that for the 2-variant film. Note that the data scale for the probe current in Figure 5.9b-
d ranges from 10 pA to 10 nA, the high end of which is an order of magnitude higher than the 
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maximum of the scale Figure 5.6b-d (1 nA). Similar to the 2-variant BiFeO3, regions of enhanced 
electrical conduction appear to be highly localized to specific features in the in-plane domain 
morphology (P1, 1 in Figure 5.9a). Specifically, planar interfaces between regions where 1 = -
π/2 (purple contrast) borders regions where 1 = +π/2 (yellow contrast) to the upper/right of the 
interface show elevated conductivity. Crystallographically, these interfaces are normal to the 
[100]pc direction and show electrical current that is ~2 orders of magnitude higher than the 
electrical current at domain bifurcations in 2-variant BiFeO3, both findings of which are in 
agreement with prior reports. As will be shown in Chapter 6, these conductive interfaces 
correspond specifically to head-to-head polarization discontinuities (not tail-to-tail) in 4-variant 
BiFeO3, again in agreement with reports of majority carrier migration to charged polar 
discontinuities in ferroelectric materials2, in this case n-type electrons to positively-charged head-
to-head domain walls. Slight shifts in the apparent locations of some of the line-type conductive 
defects in Figure 5.9b-d is due to field-induced in-plane motion of 71° ferroelastic domain walls, 
Figure 5.9: I-V response of h = 120 nm, 4-variant BiFeO3 post-ferroelectric switching. a) In-
plane piezoresponse phase, b) probe current at 4.0 V DC, c) probe current at 5.4 V DC, d) probe 
current at 7.4 V DC. 
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a common observation for both 2-variant and 4-variant BiFeO3 at high fields. Quantitative analysis 
is performed only on stable, stationary defects.  
The results of the I-V characteristic shown graphically in Figure 5.9 can be analyzed 
quantitatively, again in the context of Schottky emission given that the Schottky model provided 
a satisfactory parameterization of the I-V response data for 2-variant BiFeO3. Figure 5.10 shows I-
V plots for 4-variant BiFeO3 on both linear axes (Figure 5.10a) as well as axes according to the 
Schottky emission model, ln(J) vs. √𝑉 (Figure 5.10b). Similar to the 2-variant BiFeO3 film, 
nonlinear I-V response is observed in the 4-variant film that linearizes when plotted according to 
the Schottky model, Equation 5.4. The value of the dielectric permittivity extracted from fitting 
the I-V response to the Schottky emission model for the bulk region of 4-variant BiFeO3 is 
comparable to bulk 2-variant BiFeO3, r = 2.27 and r = 6.96, respectively. The values for dielectric 
permittivity for the conductive defects, however, are substantially different from the both the bulk 
Figure 5.10: Current-voltage (I-V) response of h = 120 nm, 4-variant BiFeO3. a) Linear plot, b) 
plot with axes according to the model of Schottky emission, Equation 5.4. Datasets correspond to 
different regions extracted from Figure 5.9. Black dashed line is the lower detection limit. 
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and defect regions of 2-variant BiFeO3, despite the linearization of the I-V response from the 4-
variant defects when plotted as ln(J) vs. √𝑉. From Figure 5.10b, Defect 1 is located at x = 1.5 µm, 
y = 2.2 µm in Figure 5.9 and produces a dielectric permittivity of r = 0.42, while Defect 2 is 
located at x = 0.4 µm, y = 3.5 µm with r = 0.44. Figure 5.11 shows the locally-resolved dielectric 
permittivity and Schottky barrier height of h = 120 nm, 4-variant BiFeO3 calculated using the 
Schottky emission model for the data shown in Figure 5.9 and 5.10. The origin of values of r 
below unity given the information presented is not clear, particularly when considering the 
accurate calculation of r for 2-variant BiFeO3. The erroneous values of r for 4-variant defects in 
BiFeO3 could imply a fundamentally different mechanism of electrical conductivity through such 
defects and the surrounding film, or the physical properties of the 4-variant BiFeO3 film are 
Figure 5.11: Locally-resolved calculation of the dielectric permittivity (r) and Schottky barrier 
height (B) for h = 120 nm, 4-variant BiFeO3 from Figure 5.9. a) r map, b) histogram of the r 
map, c) B map, d) histogram of the B map.  
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fundamentally different than the 2-variant BiFeO3 film. While no satisfactory explanation is 
currently available, this anomalous behavior of the dielectric permittivity in 4-variant BiFeO3 will 
be reconsidered thoroughly in Chapter 6 of this dissertation. 
Prior to concluding this chapter, a direct comparison between the spatially-averaged, 
overall electrical conduction in 2-variant and 4-variant BiFeO3 thin films will be presented. The 
films considered are the same film films that have been analyzed earlier in this chapter, both having 
thickness h = 120 nm. In an attempt to relate locally-resolved electrical conduction in BiFeO3 
obtained using CAFM to similar I-V response behavior obtained using macroscopic electrodes, a 
simple model has been developed that considers the AFM imaging field of view as an equivalently-
sized macroscopic electrode. Each imaging pixel, and thus the column of BiFeO3 defined by that 
pixel in the x-y plane and between the SrRuO3 back electrode and film surface in z, is assumed to 
be an electrical resistor in parallel with each remaining pixel in the imaging field of view. The 
preceding analysis of I-V data in both 2-variant and 4-variant BiFeO3 have strongly indicated that 
ferroelectric domain-based conductive defects dominate overall conduction processes in BiFeO3; 
imaging pixels with probe current below a threshold value (< 50 pA) are considered to be infinitely 
resistive elements that do not contribute to overall conduction. By summing the probe current 
values for all of the remaining image pixels (resistors in parallel) for each frame where DC voltage 
bias was held constant and dividing by the imaging area, 𝐽 = ∑ 𝐼pixel 𝐴image⁄ , an approximation 
of the macroscopic J-V response can be calculated. Figure 5.12a shows the approximated 
macroscopic J-V response for h = 120 nm, 2-variant (blue circles) and 4-variant (red squares) 
BiFeO3. Figure 5.12b shows a comparable dataset from the literature, acquired from macroscopic 
Pt electrodes (radius = 50 μm) on 400 nm-thick BiFeO3 films24. Both the calculated data in Figure 
5.12a and the macroscopic data in Figure 5.12b show that under equivalent DC voltage bias, 4-
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variant BiFeO3 exhibits a leakage current magnitude that is ~2 orders of magnitude higher than 2-
variant BiFeO3. The differences in absolute values of the calculated vs. the literature data is likely 
a combination of the difference in film thickness for each dataset (electrical conduction roughly 
scales inversely with film thickness), as well as ambiguity in the calculation of AFM probe contact 
area, defined here as 400 nm2. The general similarly in the behavior between the macroscopic 
approximation and actual macroscopic data is encouraging and provides a point of support for the 
accuracy of the calculations reported in this chapter. Table 5.1 lists the calculated electronic 
properties for both the 2-variant and 4-variant BiFeO3 thin films, with physical parameters reported 
for both the models of Schottky emission and Poole-Frenkel hopping. These results will be referred 
to frequently in the following chapter.  
 
Figure 5.12: Comparison of I-V response of 2-variant and 4-variant BiFeO3 thin films, h = 120 
nm. a) Calculated values of the approximate macroscopic current density derived from CAFM 
data, b) Prior report of differences in electrical conduction between 2-variant and 4-variant 
BiFeO3, from H.W. Jang, et al. Adv. Mater. 21, 817-823 (2009). 
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Table 5.1: Electrical properties for h = 120 nm, 2-variant and 4-variant BiFeO3 extracted from 
linear least-squares regression of I-V data for Schottky and Poole-Frenkel models. 
 Schottky Poole-Frenkel 
 r 
B 
(eV) 
r 
t 
(eV) 
2-variant Bulk 6.96 0.48 110.54 - 
71° Defect 7.11 0.45 149.30 - 
4-variant Bulk 24.85 0.40 7.44×104 - 
4-variant Defect 0.42 0.67 2.27 - 
 
5.6. Summary 
The measurement and analysis of I-V response data using the atomic force microscope for 
two separate BiFeO3 films having either 2-variant or 4-variant polarization morphologies has been 
presented. It has been found that electrically conductive defects in BiFeO3 are formed as the result 
of the dynamics of ferroelectric switching and are highly localized to charged domain wall 
interfaces where the in-plane vector components of the spontaneous polarization are aligned 
antiparallel across the domain wall. Conductive domain wall interfaces have been shown to be 
mobile under the application of an applied field greater than the ferroelectric coercive field, Ec, 
and possibly recombine with neighboring defect suggesting delocalization of free carriers from the 
parent domain wall interface/defect. The I-V response of 2-variant BiFeO3 is described 
exceedingly well by the model of Schottky emission, with accurate reproduction of the dielectric 
permittivity and Schottky barrier height. The I-V response of 4-variant BiFeO3, while qualitatively 
appearing to following the model of Schottky emission, produces non-physical values for the 
dielectric permittivity, suggesting a different origin of conduction at domain wall interfaces. A 
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direct comparison of the I-V response of 2-variant and 4-variant shows 4-variant BiFeO3 as 
substantially more electrically conductive than 2-variant BiFeO3, by ~2 orders of magnitude. 
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6. Three-Dimensional Electrical Conduction in BiFeO3 
 
 Employing tomographic AFM methods, this chapter details the results of a novel three-
dimensional analysis of the electrical conductivity in epitaxial BiFeO3 thin film heterostructures. 
Access to continuously-variable film thickness during tomographic AFM allows for a high-spatial 
resolution investigation of the thickness- and electric field-dependence of electrical properties in 
BiFeO3 across two orders of magnitude of film thickness, 1 nm < h < 120 nm. In addition to 
understanding the electrical properties of planar BiFeO3 films with uniform thickness, the use of 
tomographic AFM provides an experimental opportunity to gain a complete spatial understanding 
of defect-dominated electrical transport processes in BiFeO3. As of this writing, this is the first 
report of truly quantitative analysis of the thickness-dependent electrical properties of a 
semiconducting material using CAFM; an electrostatic model for the z-component of the applied 
electric field has been developed in order to rectify anomalous current-field (I-E) behavior 
according to the Schottky emission model. The effects of domain wall geometry as well as the 
impact of 2-variant or 4-variant domain morphology on electrical conduction is assessed. The 
results of these analyses illustrate complex electric field- and thickness- dependent electrical 
response in BiFeO3 that, as was the case in the preceding chapter, are dominated by the properties 
of electrically conductive defects formed at charged domain walls.  
To date, a small number of reports (< 10) exist detailing the three-dimensional properties 
of conductive interfaces and ferroelectric domain walls in solid materials. Three-dimensional 
profiling of ferroelectric domain walls in LiTaO3 and LiNbO3 has been achieved using optical 
coherence tomography1 and a tomographic variant of second harmonic generation2–4. The effect 
of domain wall inclination in LiNbO3 has been investigated with the help of surface-based CAFM 
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measurements3,5, as well as application of a resistor network model based on the domain wall 
inclination angle6, however these correlations between electrical conduction along domain walls 
and three-dimensional domain wall geometry remain coarse. Tomographic AFM methods have 
been used in photovoltaics to locally resolve (< 100 nm spatially) elevated electrical current at 
twin boundaries and grain boundaries, in an effort to determine the role of crystal defects on both 
the overall conduction and effect on functional parameters (VOC, ISC) in CdTe
7,8. Similarly, 
tomographic AFM was used to image the formation of three-dimensional conductive filaments in 
HfO2-based resistive memory cells upon on/off logical cycling
9,10. The results of these 
tomographic AFM measurements, while groundbreaking and extremely informative, have been 
largely qualitative, focused on detailing the spatial appearance of through-thickness electrical 
conduction. A truly quantitative treatment of field-dependent electrical transport in three 
dimensions for any material is absent, likely due to uncertainty in defining a single “effective field 
value” from the spatially inhomogeneous electric field applied by an electrically biased AFM 
probe. The primary goals of this chapter are to develop an effective model for defining the electric 
field applied by an AFM probe within a dielectric thin film, and to assess how the Schottky-like 
behavior of I-V data on planar BiFeO3 films presented in Chapter 5 relates to constant-voltage, 
variable film thickness measurements of electrical current on identical BiFeO3 films enabled 
through tomographic AFM.  
 
6.1. Three-Dimensional CAFM of 2-Variant BiFeO3 
As detailed in Chapter 3, the use of conductive AFM (CAFM) while simultaneously 
measuring PFM response during tomographic AFM is extremely useful in defining a system of z 
coordinates during tomographic experiment. The metal-like electrical conductivity of SrRuO3 used 
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for the electrically conductive back electrode of the BiFeO3 thin film heterostructure provides 
pseudo-binary contrast in the CAFM channel between the BiFeO3 and SrRuO3 films throughout 
the majority of the imaging field of view (excluding conductive defects), allowing for 
unambiguous determination of the location of the zero-thickness point of BiFeO3. In addition to 
detection of the SrRuO3 back electrode, CAFM data can be collected throughout the tomographic 
experiment under constant DC voltage bias to determine the effects of thickness on the electrical 
properties of BiFeO3. By performing tomographic CAFM under constant voltage bias and 
continually decreasing thickness, the z-component of the applied electric field (Ez) across the 
BiFeO3 thin film should continually increase, according to the assumption that an equivalent 
electric potential drop (V) across decreasing film thickness (h) produces an increased z-component 
of the electric field as a function of film thickness, Ez(h). This experimental procedure should, in 
theory, reveal some relative combination of field-dependent and thickness-dependent electrical 
properties in BiFeO3, since ferroelectric materials are known to exhibit finite-size effects due to 
energetic destabilization of the ferroelectric state at length scales below ~20 nm11.  
Figure 6.1 shows simultaneously-acquired out-of-plane piezoresponse and probe current 
during tomographic AFM with an applied DC voltage bias of 4.0 V DC for 2-variant, h = 120nm 
(as-grown) BiFeO3. This tomographic sequence was acquired following ferroelectric switching at 
~3.0 V DC in the same imaging area. Recalling the experimental description of tomographic AFM 
from Chapter 3, TAFM is a destructive procedure where near-atomic layers of a material are 
sequentially removed by scanning of the AFM tip at a high linear speed (> 100 μm s-1) and high 
downforces (> 1 μN) while simultaneously measuring functional data channels (PFM, AFAM, 
CAFM, etc…). The result is a sequence of images at continually decreasing film thickness, often 
throughout the entire thickness of a thin film. Figure 6.1a-b shows the in-plane ferroelectric 
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domain morphology and corresponding probe current at h = 120 nm (as-grown surface), Figure 
6.1c-d at h = 70 nm, and Figure 6.1e-f at h = 12 nm. The piezoresponse data during tomographic 
AFM (Figure 6.1a, c, e) shows no evident changes in signal magnitude or contrast, indicating 
negligible tip deterioration or sub-surface film damage12, while the probe current at 4.0 V DC 
(Figure 6.1b, d, f) shows substantially increasing current as a function of decreasing film thickness. 
This general behavior is consistent with the assumption that under constant voltage bias and 
decreasing film thickness, the z-component of the electric field will increase thereby resulting in 
increased electrical current in the BiFeO3 (also assuming constant electronic properties of BiFeO3). 
Regions of elevated electrical current at x = 1.7 μm, x = 3.0 μm, and x = 4.2 μm appear to be 
thickness-dependent and strongly localized to defects, i.e. bifurcations, in the stripe-type in-plane 
ferroelectric domain morphology (defined by periodic 71° domain walls), referred to as domain 
Figure 6.1: Tomographic AFM of h = 120 nm, 2-variant BiFeO3 under 4.0 V DC of voltage bias 
a) in-plane piezoresponse and b) probe current at h = 120 nm, c) and d) at h = 70 nm, e) and f) at 
h = 12 nm.  
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wall bifurcations. Another highly conductive defect appears at x = 1.0 μm; although no domain 
walls are visible in the PFM response (see Figure 6.1e), this defect was formed by the closure of a 
109° domain wall during ferroelectric switching that preceded the tomographic experiment, as 
detailed in the previous chapter. Although the results of the previous chapter indicated that some 
conductive defects formed by the dynamics of ferroelectric switching and be “annealed out” 
through application of a sufficiently large electric field, the conductive defect at x = 1.0 μm persists 
for the entirety of the tomographic experiment (~0 nm < h < 120 nm).  
As described in Chapter 3, the evolution of film topography during tomographic AFM is 
often nonlinear and stochastic, with nonuniform film removal rates throughout the imaging field 
of view. To correct for this unavoidable experimental detail, spatial reconstruction of the 
tomographic data is completed whereby the x, y, and z position data for every imaging pixel is 
used to interpolate the PFM and CAFM data onto a three-dimensional rectilinear grid. For 
reference, the CAFM data shown in Figure 6.1a, c, e has been shifted by 19.5 nanometers in the 
+x direction ([100]pc) to compensate for the response delay of the electrical current detection 
hardware; the RC time constant of the circuit is greater than the residence time per pixel during 
this experiment. Following tomographic reconstruction, the tomographic PFM and CAFM 
measurements are necessarily correlated both temporally and in three dimensions, allowing for 
three-dimensional viewing and analysis of electrical conduction relative to the geometry and 
position of in-plane ferroelectric domains in BiFeO3. Using the reconstructed data from 
tomographic AFM of 2-variant BiFeO3, Figure 6.2 shows planar x-z cross-sections of the in-plane 
piezoresponse and probe current, respectively, at y = 0.6 μm from Figure 6.1. The view presented 
in Figure 6.2 is similar to a TEM cross section; x and y axes correspond to the [100]pc and [001]pc 
crystal directions, respectively. The faint domain at visible at x = 3.1 μm is a domain wall 
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bifurcation; the contrast is suppressed due to the domain not residing completely within the field 
of view for the y position of the cross-section. The cross sections in Figure 6.2 clearly show that 
the conductive defect “filament” formed at the domain wall bifurcation shows increasing electrical 
current (at constant voltage bias) as a function of decreasing film thickness, and maintains the 
same canted geometry as the ferroelectric domain walls throughout the thickness of the film. To 
supplement the information presented in the cross-sectional images of tomographic AFM of 
BiFeO3, Figure 6.3 shows an isometric projection of the probe current (spectral coloring) 
superimposed on the ferroelectric domain walls (yellow interfaces) for the region bounded by x = 
2.5 μm and x = 3.5 μm in Figure 6.1. The contours displaying the probe current are iso-current 
lines with a minimum value of 40 pA. In agreement with the observations made from the x-y planar 
data in Figure 6.1, the enhanced electrical conduction at x = 3.0 μm is highly localized to the 
domain wall bifurcation present in the same location. As seen in Figure 6.3, there is a noticeable 
shift in the x-y location of the conductive defect away from the apex of the domain wall bifurcation. 
This observation suggests that the localized change in electrical properties may have an angular 
Figure 6.2: Cross-sectional views of h = 120 nm, 2-variant BiFeO3 obtained from tomographic 
AFM. x-z cross-sections extracted from Figure 6.1 at y = 0.6 μm of a) in-plane piezoresponse and 
b) probe current, 4.0 V DC voltage bias. 
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dependence on domain wall geometry, an observation that has been made in prior reports on 
BiFeO3
13 and ErMnO3
14,15. Qualitative viewing of conductive defect structures relative to 
ferroelectric domain morphology is informative for understanding the general spatial dependencies 
of conduction in BiFeO3, however a more rigorous treatment of the field-dependent electrical 
conductivity is required to understand the physical mechanisms that result in the enhanced 
conduction in BiFeO3 thin films.  
 
6.1.1. Current-Thickness Response of 2-Variant BiFeO3 
To quantify the thickness- and electric field dependence of electrical conductivity in 
BiFeO3 thin films, several “areas of interest” in the tomographic data shown in Figure 6.1 are 
mathematically isolated and analyzed separately. Specifically, the three-dimensional volume 
Figure 6.3: Three-dimensional projection of electrical current superimposed onto in-plane 
ferroelectric domain walls, obtained from tomographic AFM measurements of h = 120 nm, 2-
variant BiFeO3.  
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associated with three unique areas have been identified and isolated: the conductive defect formed 
as a result of domain wall closure (referred to as the 109° defect, x = 1.0 μm), the conductive defect 
associated with the domain wall bifurcation at x = 1.7 μm (referred to as the 71° defect), and the 
~50 nm region surrounding linear 71° domain walls between x = 2.0 μm and x = 2.6 μm. Once the 
spatial coordinates have been identified for each of these regions, the thickness dependence of 
probe current for each isolated region can be determined by calculating the mean probe current 
within the spatial footprint of each region for each z layer, which in this case is integer values 
between 1 nm and 120 nm (the as-grown thickness). Figure 6.4 shows the CAFM probe current 
for the regions identified above as a function of z position in the film, plotted on logarithmic axes. 
Figure 6.4 also contains data extracted for a bulk-like regions with no 71° domain walls, located 
around x = 0.7 μm in Figure 6.1. Immediately evident from Figure 6.4 is the substantial differences 
in the thickness-dependent electrical response of the different defect types in 2-variant BiFeO3, 
Figure 6.4: Logarithmic plot of probe current vs. z position for several isolated regions extracted 
from tomographic CAFM data of h = 120 nm, 2-variant BiFeO3.  
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spanning nearly 1.5 orders of magnitude between the bulk region and the 109° conductive defect. 
In addition, the electrical current within a specific defect type, namely the 71° bifurcation defect 
(red squares) and the 109° closure defect (green triangles) increases by nearly an order of 
magnitude between the as-grown film (z = 120 nm) and the when the film thickness is less than 1 
nm. The thickness-dependence of the probe current for the 71° defect (red squares) and the 109° 
defect (green triangles) appears to be roughly similar, while the probe current for the bulk and 71° 
domain wall regions show significantly different behavior; the measured current in those regions 
is near the detection limit (20 pA) for all values of z greater than 3 nm. It should be noted that the 
retention of high-fidelity electrical current measurements to below 1 nm throughout the entire field 
of view (in Figure 6.1) is a remarkable finding given the destructive nature of tomographic AFM 
experiments.  
Given that the I-V response of the identical h = 120 nm, 2-variant BiFeO3 thin film strongly 
suggests that Schottky emission is effective at describing the electrical properties of defect-driven 
conduction in BiFeO3 thin films (Chapter 5), the tomographic CAFM data for isolated regions was 
fit to the Schottky model using the parallel plate capacitor assumption, Ez = V / h. Figure 6.5a 
shows the I-E (current-electric field) response data for the isolated regions of interest plotted in 
accordance with the model of Schottky emission (Equation 5.4), ln(J) vs. Ez
0.5 using an assumed 
probe radius 400 nm2. The bulk region has been excluded due to the measurement proximity with 
the equipment detection limit. For reference, the somewhat arbitrary assignment of probe radius 
does not affect the calculation of the dielectric permittivity from the slope of ln(J) vs. Ez
0.5. The I-
E data for all three regions of BiFeO3 displayed linearize when plotted on “Schottky axes”, 
suggesting that Schottky emission may explain the thickness-dependent electrical conductivity in 
addition to the voltage-dependent electrical conductivity of BiFeO3. Performing linear least-
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squares linear regression of the datasets in Figure 6.5a (solid lines) and extracting the dielectric 
permittivity from the slope of the ln(J) vs. Ez
0.5
 trends produce the following results: for the 71° 
domain wall, r = 1.428 × 104, for the 71° bifurcation defect, r = 282.52, and for the 109° closure 
defect, r = 40.46. The values are several orders of magnitude higher than both the theoretical value 
of the optical dielectric permittivity for BiFeO3 (r = 6.25), as well as the values for r calculated 
from I-V experiments in the previous chapter. Figure 6.5b shows the same I-E data from Figure 
6.5a plotted according to the model of Poole-Frenkel hopping (Equation 5.5), in an attempt to 
recover the expected values of the dielectric permittivity. The resulting trends in Figure 6.5b are 
extremely nonlinear, exhibiting negative values for the slope of ln(J / Ez) vs. Ez
0.5 which imply 
negative values of the dielectric permittivity, a spurious result. The ordinate axis includes a Ez
-1 
dependence, and a miscalculation of Ez could conceivably lead to improper values of the field-
dependent electrical conductivity (J / Ez) thus incorrectly presenting tomographic I-E data when 
Figure 6.5: I-Ez (current-electric field) analysis of tomographic CAFM data on h = 120 nm, 2-
variant BiFeO3. Selection of axes for a) Schottky emission and b) Poole-Frenkel hopping.  
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plotted according to the Poole-Frenkel model (Figure 6.5b). The extreme mismatch between 
expected (linear, positive sloped) and actual (nonlinear, negative slope) behavior of the 
tomographic I-E data of 2-variant BiFeO3 when plotted according to the Poole-Frenkel model, in 
addition to the non-physical values of the dielectric permittivity extracted from application of the 
Schottky model, suggest that the assumption of Ez = V / h is invalid. Previous work has reported 
on the inhomogeneous electric field distribution of an electrically biased AFM probe16; given this 
information a more accurate model of the electric field emanating from an electrically biased AFM 
probe in contact with a dielectric film is required to explain the electrical properties of BiFeO3 
measured using tomographic AFM.  
 
6.2. Method of Images for Calculation of AFM-Induced Electric Field 
In order to explain the non-physical values for the dielectric permittivity extracted from the 
preliminary fitting of the Schottky model to the current density (J) versus the z-component of the 
electrical field (Ez) from tomographic AFM of BiFeO3, the method of images will be employed to 
develop a model for the electric field in a ferroelectric thin film as applied by an electrically biased 
AFM tip across a range of film thicknesses. This model will then be used to reassess the 
tomographic I-E data from 2-variant BiFeO3 presented in Figures 6.4 and 6.5. The equation for 
electric field used in the preliminary calculation (Ez = V/h) is valid only under the condition d >> 
h, where the electrode size or AFM tip radius (d) is substantially larger than the film thickness, 
commonly referred to as parallel-plate capacitor geometry. The case of a biased, conductive AFM 
probe on the surface of a thin dielectric film with a semi-infinite planar grounding electrode (i.e. 
back electrode), the condition d >> h is clearly not satisfied for nearly all films and a more accurate 
derivation of the electric field as a function of both film thickness and z position is required. First, 
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a brief review of the method of images technique will be presented, followed by the application of 
these results into a physical system modeling a conductive AFM probe on the surface of a series 
of BiFeO3 films with thicknesses ranging from 1 nm to 150 nm. The solution of the electric field 
distribution of a point charge within a dielectric film will be largely modeled after the solution 
described by Harnagea16, which follows the general procedure outlined in Jackson17. 
The method of images is an electrostatic technique that is used to analytically solve for the 
electric potential distribution of point charge near conductive or dielectric boundaries (surfaces). 
Such a system can often be equivalently represented by the addition of “image charges” equal in 
magnitude to the original charge but placed outside the real system. The most basic implementation 
of the method of images is that of a point charge q in vacuum positioned at (x, y, z) = (0, 0, d) in 
front of an electrically grounded flat, semi-infinite conductive plane located at z = 0. This system 
can be exactly described by a system composed of only two point charges without the grounded 
plane, the first being the original charge and the second being a point (image) charge with opposite 
sign (-q) outside of the real system at a position (x, y, z) = (0, 0, -d). The total electric potential in 
the real system (z > 0) is then calculated as the sum of the potentials of the original (real) charge 
and the image charge, resulting in a total potential for z > 0, 
Φ(𝒓) = Φ𝑞(𝒓) + Φ−𝑞(𝒓) =
𝑞
4𝜋𝜀0
(
1
𝒓 − 𝒓𝑞
−
1
𝒓 − 𝒓−𝑞
) 6.1 
where  is the electric potential, q is the magnitude of the real charge, r is the vector position, and 
rq and r-q are the positions of the real charge and image charge, respectively. As expected, the 
resulting electric field can be calculated by taking the spatial derivative of the potential at any point 
within z > 0. The method of images can be used to solve for the electric potential and field in more 
complex systems involving both grounded, conductive planes as well as interfaces separating 
 129 
 
regions of distinct dielectric permittivity (dielectric-dielectric interfaces). Such a system will be 
used to model the electric field distribution that results from the presence of a conductive, biased 
AFM tip on the surface of a ferroelectric film.  
In the following model, all charges will be positioned at the origin of the x-y plane, such 
that all charge positions can be described by r = (x, y, z) = (0, 0, z). An electrically conductive 
AFM tip in contact with a ferroelectric thin film heterostructure (vertically stacked 
ferroelectric/electrode/substrate) is modeled by a point charge q0 positioned above a planar, semi-
infinite dielectric-dielectric interface at z = h, where the lower dielectric layer is in contact with an 
electrically grounded, semi-infinite planar electrode at z = 0 as illustrated in Figure 6.6. For 
reference, the real charge q0 is represented a solid blue circle in Figure 6.6, while all image charges 
are represented by open red circles. The upper and lower dielectric layers are referred to as DE1 
and DE2 with distinct dielectric permittivity values 1 and 2, respectively. In this simplified 
electrostatic model the spontaneous polarization (Ps) is neglected, and the AFM tip is modeled as 
the point charge q0 located at a distance d above the dielectric interface (i.e. ferroelectric film 
surface), where the positioning of charge q0 above the film surface an attempt to capture the non-
zero radius of the AFM tip. The initial charge q0 is therefore located at z0 = d + h, where d is the 
AFM tip radius and h is the film thickness. According to the method of images and starting with 
the image across the dielectric interface, q0 produces an image charge q1 = -q0 of opposite sign 
positioned symmetrically with respect to the dielectric-dielectric interface at z1 = h – d. The 
potential for z > h (DE1) can be described by the combined potentials of q0 and q1. Since there are 
no real charges in the region z < h (DE2), the potential for z < h must be described by an additional 
image charge q2 located at z2 = d + h, which satisfies the condition ∇ ∙ 𝑬 = 0 for z < h. 
Differentiating the two electric potentials and using the boundary condition for electric field 
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continuity across the dielectric-dielectric interface, lim
𝑧→ℎ+
𝜀1𝐸𝑧 = lim
𝑧→ℎ−
𝜀2𝐸𝑧, the charge of q1 and q2 
can be calculated relative to the initial charge q0, 
𝑞1 = −𝑞0 (
𝜀2 − 𝜀1
𝜀2 + 𝜀1
) ; 𝑞2 = 𝑞0 (
2𝜀2
𝜀2 + 𝜀1
) 6.2 
At this point the boundary conditions for the dielectric interface are satisfied, however q2, 
acting in the region z < h (DE2), must now be imaged across the grounded plane at z = 0. To 
calculate the potential in the region z < h, an additional image charge q3 = -q2 is placed 
symmetrically across the grounded plane at a position z3 = –(d + h). The total potential in for z < 
h (DE2) can now be calculated as the sum of the potentials caused by charges q2 and q3, 
Φ(𝒓) = Φ𝑞2(𝒓) + Φ𝑞3(𝒓) =
1
4𝜋𝜀2
(
𝑞2
𝒓 − 𝒓𝑞2
+
𝑞3
𝒓 − 𝒓𝑞3
)           0 < 𝑧 < ℎ 6.3 
As stated above, the electric field distribution can be calculated as the spatial derivative of Equation 
6.3, where the z-component of the electric field is of primary importance, 𝐸𝑧 = 𝜕Φ(𝒓) 𝜕𝑧⁄ . To 
calculate the z-oriented electric field (Ez) distribution throughout the thickness of a ferroelectric 
Figure 6.6: Schematic of a point charge q0 positioned at z = h + d above a dielectric-dielectric 
interface at z = h and a semi-infinite electrically grounded plane at z = 0, with corresponding image 
charges q1, q2, and q3. 
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film for a range of different film thicknesses, the first derivative of Equation 6.3 is calculated as 
charges q2 and q3 are iteratively moved to represent films of different thickness. As shown in 
Figure 6.6, the z position of charge q2 (and by symmetry, q3) in Equation 6.3 is equal to the 
combined film thickness (h) and AFM tip radius (d), such that z2 = h + d.  
For each film thickness, the Ez is calculated from a z position of 1 nm up to and including 
the thicknesses of the film, which was varied from 1 nm to 150 nm. The z-component of the tip-
induced electric field as a function of z position within the film is shown in Figure 6.7a for film 
thicknesses of 10 nm, 50 nm, and 100 nm. All data shown has been calculated at x = y = 0, i.e. 
directly under the tip, using 1 = 1 and 2 = 6.25 (the optical dielectric permittivity of BiFeO3). 
Electric field values have been normalized to the maximum calculated field for a film thickness of 
1 nm, Ez0. Immediately evident from the Ez versus z trends in Figure 6.7a is the pronounced 
nonlinearity of the electric field emanating from the AFM probe. For h = 100 nm, the applied field 
Figure 6.7: Normalized z-component of the electric field (Ez) calculated using the method of 
images. a) Ez as a function of z-position (x = y = 0) for films having thickness h = 10 nm, 50 nm, 
and 100 nm. b) Maximum, mean, and minimum Ez as a function of film thickness for 1 nm < h < 
150 nm. 
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has dropped to 50% of its maximum value within the first 8 nm of the film. The field distributions 
shown in Figure 6.7a are a further indication that a biased AFM tip in contact with a ferroelectric 
film where h > d cannot be approximated by Ez = V / h. Also evident is the strong effect that film 
thickness has on the electric field distribution. Thinner films (e.g. h = 10 nm) show higher overall 
field, and also a substantially smaller field differential (Ez, max – Ez, min) across the film when 
compared to thicker films. The qualitative knowledge that the AFM-induced electric field is 
inhomogeneous in the z direction is informative, however a single effective value for Ez derived 
from the trends in Figure 6.7a is required as a function of thickness h in order to reformulate the 
field dependence of electrical current in BiFeO3. Figure 6.7b shows the maximum, mean, and 
minimum value of Ez calculated for each film thickness, plotted as a function of film thickness. A 
normalized reference line for Ez = V/h has been included, showing the Ez distribution used for the 
preliminary I-E analysis of tomographic CAFM on 2-variant BiFeO3. Significant qualitative 
similarity between the mean (Ez,mean) and minimum (Ez,min) electric field values calculated using 
the method of images (solid blue and green lines, respectively) and Ez = V / h (parallel plate 
capacitor assumption, dashed blue line) can be seen in Figure 6.7b. Only the maximum calculated 
field (Ez,max), i.e. the electric field directly under the tip at the tip-sample interface, shows 
substantial deviation from these trends and a possible solution to the Ez during tomographic AFM.  
As a visual aid, Figure 6.8 shows the spatial distribution of the normalized z-component of 
the electric field (Ez / Ez0) for several film thicknesses; 6.8a) h = 100 nm, 6.8b) h = 50 nm, 6.8c) h 
= 20 nm, and 6.8d) h = 10 nm. The trends observed in Figure 6.7a are easily visualized in Figure 
6.8, most notably the increase in maximum field and decrease in the field differential at h = 10 nm 
when compared to h = 100 nm, for example. In addition, the increase in the mean field at h < 20 
nm seems to be commensurate with greater apparent field penetration through the entirety of the 
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film. This observation is consistent with the increase in maximum Ez (red line, Figure 6.7b) at h < 
~20 nm. For h < 20 nm, the top electrical contact (tip radius) is equivalent or greater in dimension 
to the film thickness; h = ~20 nm represents the upper limit of applicability of the parallel plate 
capacitor geometry for the calculation of applied electric field from an electrically biased AFM 
probe. The trendlines in Figure 6.7b represent a distillation of the spatially inhomogeneous electric 
field data shown in Figure 6.8. The z-component of the electric field calculated using the method 
of images (for a given film thickness) is continuously variable in three dimensions; reduction of 
Ez into a single effective value is required for I-E analysis of tomographic CAFM data of BiFeO3. 
 
6.2.1. Current-Thickness Response of 2-Variant BiFeO3 II: Revised Electric Field 
Figure 6.8: x-z spatial distribution of the normalized z-component of the electric field (Ez) at y = 
0, calculated using the method of images for film thickness a) h = 100 nm, b) h = 50 nm, c) h = 20 
nm, and d) h = 10 nm. 1 = 1, 2 = 6.25. 
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The work presented in Section 6.2 establishes that the electric field distribution induced by 
an electrically biased AFM tip is substantially different than the uniform electric field defined by 
parallel plate capacitor geometry (Figure 6.7b). The solutions to Equation 6.3 presented in Figure 
6.7 allow for the analysis of current density versus electric field for tomographic CAFM of 2-
variant BiFeO3 to now be revisited. Recalling the current-voltage (I-V) analysis of conductive 
defects in h = 120 nm, 2-variant BiFeO3 presented in Chapter 5, accurate values for the dielectric 
permittivity were derived from fitting ln(J) vs. Ez
0.5 according to the model of Schottky emission, 
suggesting that Schottky emission is the relevant mechanism for electrical conductivity in BiFeO3. 
Assuming a dielectric permittivity for BiFeO3 of r = 6.25, the z-component of the electric field 
can be calculated through back-solving of the Schottky emission model using tomographic CAFM 
data on BiFeO3 according to Equation 6.4, 
𝐸𝑧 =
4𝜋𝜀𝑟𝜀0
𝑞3
(𝑘B𝑇 ln (
𝐽
𝐴∗𝑇2
) + ΦB)
2
6.4 
Using the tomographic current density data for the 71° bifurcation defect (red squares, Figure 
6.5a), the solution of Equation 6.4 results in the applied electric field, as a function of BiFeO3 film 
thickness, necessary to reproduce r = 6.25 from a plot of J (actual) vs. Ez (back-calculated).  
Figure 6.9 shows the normalized z-component of the electric field as a function of film 
thickness (h) using different calculation methods for Ez. Values of Ez are normalized to the 
maximum value for the calculation method. The solid red line in Figure 6.9 shows normalized Ez 
as originally calculated under the parallel plate capacitor assumption, Ez = V / h, the solid blue line 
shows Ez = Ez,max from the method of images, while open blue circles show the thickness-
dependent normalized field calculated from Equation 6.4 using experimental tomographic data for 
J and assuming r = 6.25, A* = 120 A2 cm-2 K-2 (free electron value) and B = 0.55 eV at room 
temperature. The thickness-dependence of Ez for the parallel plate capacitor model (red line) and 
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from back-solving the Schottky model (blue circles) is substantially different, providing qualitative 
evidence of the inaccuracy of the assumption that Ez = V / h during tomographic AFM experiments. 
The relative difference in minimum (at h = 1 nm) and maximum (at h = 120 nm) applied field 
shows that the calculation of Ez = V / h (red line) likely overestimates the increase in applied 
electric field as a function of film thickness; between h = 120 nm and h = 1 nm, the applied field 
back-calculated from experimental data (blue circles) increases by a factor of ~2, while the applied 
field calculated using Ez = V / h increases by a factor of ~20. Such an overestimation of the field 
as film thickness approaches zero would result in erroneously high values of the dielectric 
permittivity calculated according to Schottky emission; the slope of a linear response in the plot 
of ln(J) vs. Ez
0.5 is inversely proportional to r. This observation agrees with the preliminary 
analysis of tomographic CAFM on 2-variant BiFeO3, which produced r = 282.52 for the 
Figure 6.9: Comparison of the thickness dependence of the normalized electric field, Ez, using 
the parallel plate capacitor assumption (red line), Ez = Ez,max from the method of images (blue 
line) and back-calculation of Ez using tomographic CAFM data from BiFeO3 with Equation 6.4 
(blue circles). 
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conductive defect localized to a 71° domain wall bifurcation. In addition, the back-calculated Ez 
values are qualitatively very similar to the maximum field calculated using the method of images 
(Ez,max), providing further evidence that the preliminary calculation of the thickness-dependent 
applied filed during tomographic AFM requires reformulation. 
The calculations of the z-component of the applied electric field using the method of 
images have thus far been calculated using elementary charges and have been normalized for the 
purposes of comparison, however realistic values of the applied field are necessary to model the 
actual z-oriented electric field during tomographic AFM experiments under constant DC voltage 
bias. The electric potential across the film is originally calculated using a single elementary point 
charge; the potential created within the film by the point charge is normalized to a potential of 4.0 
V (the actual DC voltage bias during the experiment) imposed across the as-grown film thickness 
from the experiment, h = 120 nm. Ez is then calculated as the first derivative of the electric potential 
with respect to z position, which has been corrected for actual experimental conditions. Using the 
non-normalized effective values of Ez similar to those shown in Figure 6.7b (Ez,mean and Ez,max, 
etc…), the I-E dependence of tomographic CAFM data on BiFeO3 can be reassessed.  
Substituting Ez = Ez,mean from the method of images into the trend of ln(J) vs. Ez
0.5 produces 
a linear trend similar to Figure 6.5a, however the values of the dielectric permittivity calculated 
from the slope of ln(J) vs. Ez
0.5 are still anomalously high; for the 71° domain wall, r = 4.426 × 
103, for the 71° bifurcation defect, r = 74.89, and for the 109° closure defect, r = 22.46. These 
values comparable to those using the preliminary field calculation of Ez = V / h, albeit slightly 
closer to the desired values. This result indicates that the mean field calculated using the method 
of images, which is physically equal to the subsurface field at approximately 65% of the film 
thickness, is insufficient at describing the thickness-dependence of the applied electric field during 
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tomographic AFM. The results of Ez = Ez,max from the method of images applied to the tomographic 
CAFM data (J) of 2-variant BiFeO3 are shown in Figure 6.10a, plotted as ln(J) vs. Ez
0.5 according 
to the Schottky model. Immediately evident is the linearization of the I-E data for all three defect 
regions, and the values of the dielectric permittivity calculated form the slope of each curve is 
presented adjacent to each dataset. Solid lines show linear least-squares regression of ln(J) vs. Ez
0.5 
for each defect region. The slope of the I-E response data for the 71° domain wall (blue circles) is 
calculated from the final three points of that dataset, i.e. where the probe current rises above the 
detection limit. Using Ez = Ez,max calculated from the method of images, the relative dielectric 
permittivity values for the 71° domain wall bifurcation (red squares) and the 71° domain wall (blue 
circles) are in good agreement with the optical dielectric permittivity of BiFeO3, r = n2 = 6.25, as 
well as with the calculated values of r from I-V measurements of h = 120 nm BiFeO3 in the 
preceding chapter. The dielectric permittivity calculated for the 109° domain wall closure defect 
Figure 6.10: I-Ez (current-electric field) analysis of tomographic CAFM data on h = 120 nm, 2-
variant BiFeO3 where Ez = Ez,max calculated using the method of images. Selection of axes for a) 
Schottky emission and b) Poole-Frenkel hopping.   
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(r = 0.41, green triangles), while different from the expected value of 6.25, is in agreement with 
the value of r for the 4-variant defect calculated from I-V data on h = 120 nm, 4-variant BiFeO3 
(r = 0.42, see Table 5.1). Figure 6.10b shows the identical tomographic CAFM data from Figure 
6.10a plotted on axes according to the model of Poole-Frenkel emission, ln(J / Ez) vs. Ez
0.5, where 
Ez = Ez,max calculated from the method of images. When compared with the Figure 6.5b, where Ez 
= V / h, the data in Figure 6.10b shows the correct behavior (positive slope) of the Poole-Frenkel 
conduction mechanism, in agreement with I-V data on h = 120 nm BiFeO3 from the previous 
chapter, although with predictably high calculated values of the dielectric permittivity (see Table 
5.1 and Table 6.1). Clearly visible in Figure 6.5a is the “leveling off” of current density at high 
values of Ez/low values of film thickness (h) for both the 71° domain wall bifurcation (red squares) 
and the 109° domain wall closure defect (green triangles); this observation will be explored later 
in this chapter. Accurate calculation of dielectric permittivity from the Schottky model of 
tomographic CAFM data of BiFeO3, combined with the recovery of expected behavior from I-E 
data plotted according to the mechanism of Poole-Frenkel hopping strongly suggests that the 
electric field applied by an AFM probe at constant DC voltage bias during tomographic AFM can 
be modeled by the maximum field (Ez,max) for a given film thickness calculated using the method 
of images. Using the model developed using the method of images for tomographic CAFM data, 
the I-V response of planar h = 120 nm 2-variant BiFeO3 from the previous chapter can be re-
analyzed to determine the efficacy of the field model on planar, non-tomographic datasets. Table 
6.1 shows the electrical parameters extracted from the I-V response data originally presented in 
Table 5.1. The results of the analysis using Ez calculated from the method of images are in good 
agreement with both the prior calculations where Ez = V / h, and also with the prior determination 
that Schottky emission is the relevant conduction mechanism based upon accurate calculated 
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values for the dielectric permittivity within the Schottky model. The agreement between the 
preliminary I-V analysis and the I-Ez analysis using the method of images implies a direct 
proportionality between applied voltage and the z-component of the applied field at h = 120 nm.  
While dielectric permittivity and trap energies calculated using the Poole-Frenkel mechanism are 
still artificially high, accurate calculation of the applied field allows for a rough calculation of the 
electrical conductivity as the slope of the linear region of the J vs. Ez curve in Figure 5.10a . This 
value (0.32 -1 m-1) will be discussed in the context of tomographic CAFM data presented in the 
following chapter.  
Table 6.1: Electrical parameters extracted from CAFM I-V response data on planar 2-variant and 
4-variant BiFeO3 films (h = 120 nm), using the method of images for calculation of Ez. 
 Schottky Poole-Frenkel 
 
 r 
B 
(eV) 
r 
t 
(eV) 
σ 
(-1 m-1) 
2-variant Bulk 6.96 0.48 110.80 - - 
71° Defect 7.11 0.45 149.66 - - 
4-variant Bulk 24.91 0.40 7.46×104 - - 
4-variant Defect 0.42 0.67 2.27 - 0.32 
 
The work presented in Chapter 5 and Chapter 6 has presented substantial experimental 
evidence that Schottky emission is the relevant mechanism for electrical conductivity in h = 120 
nm, 2-variant BiFeO3. Schottky emission is an interface-limited conduction mechanism, which 
suggests that the z-component of the electric field at the tip-BiFeO3 interface is responsible for the 
electrical conduction observed in tomographic CAFM of BiFeO3. The maximum field within a 
dielectric film calculated using the method of images for an electrically biased AFM probe (Figure 
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6.8), occurs exactly at the tip-sample interface, in agreement with the interfacial nature of Schottky 
emission.  
 
6.3. Geometric Dependence of Conduction at Domain Walls 
With the proper thickness-dependence of the z-oriented electric field (Ez) established for 
tomographic AFM of BiFeO3, a more thorough analysis of the relationship between the spatial 
morphology of ferroelectric domains and electrical conduction in 2-variant BiFeO3 can be 
completed. In addition to the substantial increase in electrical current through the conductive 
filamentary defects as a function of decreasing film thickness for 2-variant BiFeO3 (Figures 6.1-
6.3), there appears to be a spatial dependence to the location of the isolated regions of elevated 
conductivity relative to the nearest domain wall. Inspection of the location of the conductive defect 
localized to the domain wall bifurcation in Figure 6.2b and Figure 6.3 reveals that the center of the 
conductive defect appears to be offset in both the -x and +y directions relative to the apex of the 
bifurcation. Similar behavior is observed when considering the conductive defects and associated 
domain wall bifurcations at x = 1.7 μm and x = 4.2 μm. To assess whether this behavior is 
systematic, a detailed analysis of the probe current relative to domain wall geometry will be 
presented. The x-y angle of the domain wall as viewed in Figure 6.1 defines the angle of 
misorientation between the in-plane vector components of the spontaneous polarization,  a 
parameter that has been shown to mediate electrical conduction in domain walls in several 
multiferroic materials13,14.  
A preliminary calculation of the angle that a section of domain wall makes with the x-axis 
was attempted using numerical techniques, where the slope of a domain wall section within a 
neighborhood of 10 by 10 imaging pixels (98 nm by 49 nm) was calculated by fitting a first order 
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polynomial (line) to all of the pixels that existed at the domain wall. While the results were 
reasonably accurate, large errors in the calculation of the domain wall angle were frequently 
encountered due to the PFM measurement noise at the domain wall. These errors precluded an 
accurate calculation of localized electrical current as a function of the angle of the nearest domain 
wall. Qualitatively, the vertical domain walls shown in Figure 6.1 are linear interfaces, and the 
bifurcations near y = 0.5 μm have a generally parabolic appearance. Utilizing these observations, 
each domain wall and domain wall bifurcation can be uniquely fit with either a Gaussian 
smoothing function, in the case of linear domain walls, or a second order polynomial in the case 
of bifurcations, in an attempt to de-noise the PFM measurement of domain walls position into 
smoothly-varying interfaces that can be numerically differentiated to arrive at the domain wall 
angle relative to the x-axis/[100]pc direction.  
The datasets shown in Figure 6.11 illustrate two examples of the curve fitting used to 
extract to the domain wall angle in 2-variant BiFeO3. Figure 6.11a shows the position of each 
Figure 6.11: Polynomial fitting and Gaussian smoothing of ferroelectric domain walls in 2-
variant BiFeO3. a) Domain wall bifurcation, b) linear domain wall. Coordinates are normalized 
to the local area of the domain wall. 
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imaging pixel located at a domain wall for the bifurcation at x = 1.7 μm (blue circles), as well as 
the second-order polynomial fit to the curve generated by that domain wall. In agreement with the 
preliminary assessment, the domain wall bifurcations are strongly parabolic. Figure 6.11b shows 
the position of the vertical domain wall at x = 3.7 μm (blue circles), with a single-pass Gaussian 
filter (red line) to smooth the PFM noise surrounding the apparent position of the domain wall. 
This calculation was completed for every domain wall shown in Figure 6.1, and again at every 
single frame during the tomographic AFM experiment (150 frames), which allows the geometric 
analysis to consider the thickness-dependence of the electrical current. The fitting functions for 
the domain wall interfaces (red lines, Figure 6.11) are smoothly varying over all points in the x-y 
plane, facilitating numerical differentiation that allows for the determination of the domain wall 
angle for all positions along all domain walls shown in Figure 6.1. Since the domain wall 
bifurcations were characterized by analytical expression (second-order polynomial), the fitting 
parameters of the polynomial can be assessed relative to the other bifurcations within the imaging 
field of view, as well as for each bifurcation as a function of thickness. Figure 6.12 shows the 
second derivative of the polynomial fitting function for each domain wall bifurcation as a function 
of thickness. The second derivative of a parabolic function is the concavity; when applied to the 
variation of the position of an interface in a two-dimensional cartesian grid, the concavity is a 
unitless quantity that approximately captures the curvature of the parabola. For all three domain 
walls, the concavity increases with decreasing film thickness. Considering that the three 
bifurcations are all concave down (see Figure 6.1), the increasing concavity reflects a gradual 
“opening” of the domain wall bifurcations as a function of thickness, likely due to the changing 
mechanical boundary conditions (strain) during tomographic AFM. A cursory analysis of electrical 
current vs. bifurcation concavity normalized for film thickness (not shown) shows a slight 
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correlation between increased probe current lower concavity at constant Ez, however this effect 
appears to be negligible. 
In order to analyze the electrical current response from tomographic AFM of 2-variant 
BiFeO3 to domain wall geometry, the spatial dependence of pixels showing enhanced electrical 
conduction must be quantified. For each imaging pixel that does not contain a ferroelectric domain 
wall, the distance to the nearest domain wall, as well as the angle of the nearest domain wall pixel, 
is calculated. This results in a set of three spatially aligned datasets – distance to nearest domain 
wall, angle of nearest domain wall, and probe current – that should be able to determine the 
presence of any geometric dependencies in the tomographic CAFM response data. Figure 6.13 
shows the results of this analysis. Figure 6.13a-c shows the probe current during tomographic AFM 
at a voltage bias of 4.0 V DC at film thickness h = 120 nm (Figure 6.13a), h = 70 nm (Figure 
6.13b), and h = 12 nm (Figure 6.13c) with in-plane domain walls overlaid onto the probe current 
Figure 6.12: Concavity of the second-order polynomial fit to three domain wall bifurcations 
during tomographic AFM of 2-variant BiFeO3 (shown in Figure 6.1), plotted as a function of film 
thickness. Solid lines are drawn as guides to the eye. 
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for viewing. Figure 6.13d shows the combined effect of the domain wall angle, DW, and radial 
distance to the domain wall, d, on the probe current at a mean film thickness h = 10 nm. Thicker 
regions (h > 20 nm) were not considered due to the lack of enhanced probe current response. 
Considering only domain wall bifurcations (excluding linear domain walls, Figure 6.11b) each 
data point in Figure 6.13d represents the mean of the probe current for all pixels at h = 10 nm 
having that combination of (d, DW). The result shown in Figure 6.13d shows angular localization 
of electrical conduction at domain bifurcations, however there are two separate angles, -35° and 
+40°, where the conduction enhancement is localized. Viewing the probe current with overlaid 
domain walls in Figure 6.13c (h = 12 nm), where the probe was scanning right-to-left, it appears 
that the right/leading edge of the conductive filaments at x = 1.7 μm and x = 4.2 μm are shifted in 
the +x direction from the associated bifurcation apex, while right/leading edge of the conductive 
filament at x = 3.0 μm appears to be shifted in the -x direction from the associated bifurcation apex. 
Figure 6.13: Calculation of the geometric dependence of electrical conduction at domain wall 
bifurcations in 2-variant BiFeO3. Base-10 logarithm of probe current, with domain walls 
overlaid, at a) h = 120 nm, b) h = 70 nm, and c) h = 12 nm. d) Mean probe current at h = ~10 nm 
as a function of domain wall angle (DW) and distance from domain wall (d). 
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Referring back to the in-plane piezoresponse phase images in Figure 6.1, the bifurcations at x = 
1.7 μm and x = 4.2 μm are “purple-in-yellow” bifurcations, while the bifurcation at at x = 3.0 μm 
is a “yellow-in-purple” bifurcation, suggesting that the nature of the polarization discontinuity 
across the domain walls for either type of bifurcation may be different. In all bifurcations the 
centroid of the conductive filament is located 110 nm from the nearest domain wall, however the 
filaments closest +40° domain walls have elevated current so the response is not completely 
symmetric.  
In order to understand the origin of the dependence of electrical conduction on domain wall 
geometry in BiFeO3, an atomic-resolution map of the polar displacements surrounding a domain 
wall bifurcation or some form of modeling technique is required. A simple sketch of the relative 
vector orientation of the of the spontaneous polarization across the domain wall at the unit-cell 
level does not provide sufficient evidence as to an origin of conduction, e.g. conductive defects 
are always found at head-to-head interfaces. This simple sketch is by no means complete; there is 
likely complex polarization rotation and reorientation in response to the in-plane geometry of the 
domain wall potentially resulting in formation of polar vortices18, which have been shown to be 
conductive in BiFeO3
19. More curious is the absence of any measurable signs of electrical current 
at the bifurcations near y = 0 visible in Figure 6.1. These bifurcations, at x = 2.4 μm and x = 4.7 
μm, are both “downward pointing” bifurcations, in contrast to the three “upward pointing” 
bifurcations near y = 0.5 μm that have been the focus of this chapter thus far. Although the 
crystallographic origin of the behavior observed in Figure 6.12 was not determined through a crude 
analysis of interfacial dipoles, the presence of enhanced conduction at upward-pointing 
bifurcations and its absence in downward-pointing bifurcations suggests that there is a similar 
origin for the conduction regardless of domain wall geometry. To be more specific, there is likely 
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a head-to-head domain wall configuration occurring at the upward-pointing bifurcations while tail-
to-tail domain walls occur at downward-pointing bifurcations (or vice versa). Reports of 
conductive domain walls in ErMnO3 showed enhanced conduction is only present for a single type 
of charged interface, head-to-head or tail-to-tail, since the majority carrier type migrates to a single 
domain wall polarity (e.g. free electrons localize at head-to-head domain walls). While not a 
complete theory, this hypothesis will be reintroduced in the following section of this chapter.  
 
6.4. Three-Dimensional CAFM of 4-Variant BiFeO3 
As shown by Jang et al. (2009)20 as well as the work presented in Chapter 5 of this 
dissertation, the electrical conduction in 4-variant BiFeO3 is substantially elevated when compared 
to 2-variant BiFeO3. The proposed origin of this behavior is believed to be elevated electrical 
conduction along ferroelectric domain walls normal to the [100]pc direction, i.e. planar (100)pc 
domain walls that are orthogonal to the film surface. (100)pc domain walls are distinct from the 
canted (101)pc geometry of 71° domain walls (see Chapter 3), and are believed to be 109° domain 
walls, with antiparallel alignment of the out-of-plane components of the spontaneous polarization 
across the wall. 109° domain walls are thought to be more electrically conductive than 71° domain 
walls not due to the geometry of the wall, but due to an increase in the effective width of 109° 
domain walls resulting from a deformation along the [010]pc direction required to form coherent 
film/substrate interfaces21. The hypotheses surrounding conduction at (100)pc domain walls in 4-
variant BiFeO3 have not been tested using locally-resolved methods; tomographic AFM combining 
PFM and CAFM measurements will be used to investigate the origin of elevated conduction in 4-
variant BiFeO3.  
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Figure 6.14 shows images from a tomographic AFM sequence of h = 120 nm, 4-variant 
BiFeO3 at three different film thicknesses; h = 120 nm (Figure 6.14a, b), h = 65 nm (Figure 6.14 
c, d), and h = 10 nm (Figure 6.14 d, e). A DC voltage bias of 4.0 V DC was applied to the AFM 
probe during the entirety of the tomographic experiment shown in Figure 6.14, and the imaging 
parameters (e.g. probe downforce) matched those of the 2-variant BiFeO3 tomography shown in 
Figure 6.1 to facilitate a direct comparison with tomographic AFM of 2-variant BiFeO3. Three-
dimensional tomographic reconstruction was applied to the data shown in Figure 6.14 to facilitate 
direction comparison with tomographic data of 2-variant BiFeO3. The data presented in Figure 
6.14 was acquired with the AFM cantilever aligned along the [010]pc direction, in contrast to the 
[100]pc alignment used for tomographic of 2-variant BiFeO3 earlier in this chapter. The [010]pc 
alignment was chosen to highlight the presence of what will be referred to as 4-variant interfaces, 
Figure 6.14: Tomographic AFM of h = 120 nm, 4-variant BiFeO3 under 4.0 V DC of voltage 
bias a) in-plane piezoresponse and b) probe current at h = 120 nm, c) and d) at h = 70 nm, e) and 
f) at h = 12 nm. x, y axes are parallel to [010]pc and [100]pc directions, respectively. 
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which are distinct from the head-to-tail 71° domain walls that dominate 2-variant BiFeO3. In 
Figure 6.14, x, y axes are parallel to [010]pc and [100]pc directions, respectively. Similar to the 
tomographic AFM of 2-variant BiFeO3, the in-plane ferroelectric domain morphology (Figure 
6.14a, c, e) varies minimally as a function of film thickness. In addition, stripe-type domains are 
visible as slight contrast variations in the PFM signal that run parallel to the x-direction of the 
images as shown. A more detailed description of the ferroelectric domain morphology and 
underlying spontaneous polarization orientation will be provided later in this chapter. The probe 
current during tomography of 4-variant BiFeO3 is evidently much higher than 2-variant BiFeO3; 
the maximum of the color axis in Figure 6.14b/d/f is over an order of magnitude greater than Figure 
6.1b/d/f (10 nA compared to 0.5 nA). There are areas in Figure 6.14 that appear qualitatively 
similar to the tomographic CAFM of 2-variant BiFeO3; the general area bounded by x = 2.0 μm, x 
= 4.0 μm and y = 1.0 μm, y = 2.5 μm in Figure 6.14 shows heterogeneous probe current that appears 
to be dominated by features in the in-plane ferroelectric domain morphology, in agreement with 
tomographic CAFM of 2-variant BiFeO3. There are regions in the 4-variant BiFeO3, however, that 
upon visual inspection appear to show fundamentally different through-thickness conduction 
behavior than the conductive filamentary defects in 2-variant BiFeO3. The areas of enhanced 
conduction located at x = 5.0 μm, y = 1.0 μm and at x = 1.8 μm, y = 1.8 μm appear to have probe 
current that is invariant with respect to film thickness (which, at constant DC voltage bias, also 
implies constant field Ez), with substantially higher values of the probe current when compared to 
any conductive filaments in 2-variant BiFeO3. Referring to I-V data of 4-variant BiFeO3 presented 
in Figure 5.9 and Figure 5.10 in the previous chapter of this dissertation, planar interfaces between 
regions where 1 = -π/2 (purple contrast) borders regions where 1 = +π/2 (yellow contrast) to the 
upper/right of the interface show elevated conductivity. A similar observation can be made from 
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the tomographic CAFM data in Figure 6.14 (the same sample as presented in Figure 5.9); domain 
walls where 1 = -π/2 (purple contrast) is below the interface and where 1 = +π/2 (yellow contrast) 
is above the interface show elevated electrical conductivity.  
Figure 6.15 shows a schematic illustration of the domain types and domain walls found in 
the h = 120 nm, 4-variant BiFeO3 sample used in this dissertation. The red arrows represent the in-
plane components of the spontaneous polarization (P1), while the colors (yellow, orange, purple, 
violet) show ferroelectric domains having distinct in-plane components of the spontaneous 
polarization. The out-of-plane spontaneous polarization (P3) is oriented uniformly in the [001̅]pc 
direction. Relative to the in-plane piezoresponse shown in Figure 6.14, Figure 6.15a represents the 
case where1 = -π/2 (purple contrast) is below the interface and where 1 = +π/2 (yellow contrast) 
is above the interface, while Figure 6.15b shows the opposite interface. A green line in Figure 
Figure 6.15: In-plane spontaneous polarization in h = 120 nm, 4-variant BiFeO3. a) Head-to-
head charged domain wall, where green line shows the interface exhibiting elevated electrical 
conduction. b) tail-to-tail charged domain wall.   
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6.15a is used to indicate the interface of elevated conduction. In both Figure 6.15a and Figure 
6.15b, the [100]pc vector component of the spontaneous polarization is oriented antiparallel across 
the (-π/2) – (+π/2) (purple-yellow) interface. In Figure 6.15a it is apparent that the interface can be 
described as a “head-to-head” charged domain wall, whereas in Figure 6.15b the interface is a 
“tail-to-tail” charged domain wall, a determination made based upon the alignment of the polar 
vectors in adjacent domains across the domain wall. The tomographic CAFM data of 4-variant 
BiFeO3 suggests that only head-to-head interfaces exhibit elevated conduction, in agreement with 
work by Meier et al. (2012)14 on ErMnO3. This conclusion suggests that the 4-variant BiFeO3 is 
n-type22–24, where negatively-charged free electrons provided by oxygen vacancies are attracted to 
the positive bound charge at the head-to-head domain wall.  
Figure 6.16 shows a y-z cross section of reconstructed tomographic in-plane piezoresponse 
(1) and probe current on 4-variant BiFeO3 at the location of a charged head-to-head domain wall, 
Figure 6.16: y-z cross section of tomographic PFM and CAFM data on h = 120 nm, 4-variant 
BiFeO3, located at x = 0.2 μm in Figure 6.14. a) In-plane piezoresponse, b) base-10 logarithm of 
probe current. Below z = 0 nm is the SrRuO3 back electrode. White/green lines have been 
included for viewing of domain/domain wall geometry. 
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x = 0.2 μm in Figure 6.14. The green line shown in Figure 6.16a is included as a guide to the eye, 
and is used to indicate the location and geometry of a charged head-to-head domain wall, similar 
to that shown in Figure 6.15a. Figure 6.16a shows that the head-to-head domain wall at y = 1.8 μm 
is coplanar to the (100)pc plane throughout the entire thickness of the film. The deviation away 
from the (100)pc seen at z = ~30 nm is due to slight ferroelastic motion of the domain wall during 
the tomographic experiment. In addition, the uncharged 71° domain walls on either side of the 
head-to-head domain wall retain canted geometry as shown by the white lines in Figure 6.15a, also 
in agreement with reports of mixed domain walls in BiFeO3
25. The through-thickness I-E response 
data shown in Figure 6.16b clearly demonstrates that the in-plane head-to-head domain wall at y 
= 1.8 μm is substantially more electrically conductive than the surrounding 71° domain walls, and 
provides effective visualization of the enhancement in electrical conduction of 4-variant BiFeO3. 
The presence of in-plane head-to-head charged domain wall interfaces in 4-variant BiFeO3, 
resulting from the occupation of all four equivalent [111]pc spontaneous polarization directions, 
appears to be the origin of the substantial increase in electrical current density of 4-variant BiFeO3 
when compared to 2-variant BiFeO3. This finding is inconsistent with earlier hypotheses
20 that 
attributed the elevated conduction in 4-variant BiFeO3 to 109° out-of-plane domain walls along 
(100)pc. While the enhanced conduction of 109° out-of-plane domain walls has been shown in this 
work (Figure 5.1), uniform out-of-plane spontaneous polarization (P3) in the 4-variant BiFeO3 thin 
film during tomographic AFM precludes the existence of these domain walls in Figure 6.16. The 
likely origin of enhanced conduction at 109° out-of-plane domain walls in BiFeO3 is not related 
the out-of-plane components of the spontaneous polarization (P3), but the antiparallel alignment 
of the in-plane vector components of the spontaneous polarization (P1) commensurate with a 109° 
out-of-plane domain wall. Assuming this to be true, the conduction of the head-to-head domain 
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wall at x = 1.8 μm in Figure 6.16b is consistent with reports of conduction at 109°, (100)pc domain 
walls in 4-variant BiFeO3, where in both cases the change in electrical properties of  charged 
domain walls in BiFeO3 is purely related to in-plane polar discontinuities. 
To assess the relative differences in the through-thickness I-E response in 2-variant and 4-
variant BiFeO3, three dimensional reconstructions of tomographic CAFM for 2-variant and 4-
variant BiFeO3 are compared. Figure 6.17 shows three-dimensional tomograms of the probe 
Figure 6.17: Three-dimensional contour maps of tomographic CAFM data. a) h = 120 nm, 2-
variant BiFeO3, b) h = 120 nm, 4-variant BiFeO3. Contours represent iso-current lines at each 
film thickness, minimum value 100 pA.  
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current for 2-variant and 4-variant BiFeO3, plotted as iso-current contour maps at 5 nm intervals 
along the z dimension. Figure 6.17a and 6.17b show the probe current for 2-variant and 4-variant 
BiFeO3, respectively; note the difference in color scales for the probe current. The minimum iso-
current line in Figure 6.17 is 100 pA. Immediately evident is both the number of electrically 
conductive filamentary defects in the 4-variant BiFeO3, as well as the magnitude of electrical 
current within those defects. In particular, the (100)pc head-to-head domain walls in 4-variant 
BiFeO3 occupy a large spatial footprint and have a mean probe current greater than 1 nanoampere 
for all film thickness h sampled during the tomographic experiment. The result is a picture that the 
elevated electrical conduction in 4-variant BiFeO3 arises from a large number of conductive 
defects that run through the thickness of the film, some of which are created by head-to-head 
domain walls that can extend for several microns (e.g. the domain wall at x = 5.2 μm, y = 0.7 μm) 
and are highly conductive.  
 
6.4.1. Current-Thickness Response of 4-Variant BiFeO3 
To quantify the overall difference in the thickness-dependence of electrical conduction in 
2-variant and 4-variant BiFeO3, the pseudo-macroscopic current density of tomographic CAFM 
data is calculated. Figure 6.18 shows the areal current density of 2-variant and 4-variant BiFeO3 
as a function of film thickness. The data presented in Figure 6.18 was calculated analogously to 
the data shown in Figure 5.11a; for each film thickness, h, the current density is equal to the 
summation of the probe current for all pixels with probe current greater than 50 pA, divided by the 
imaging area. To review, this calculation represents each imaging pixel as an effective resistor in 
parallel, and pixels having probe current below 50 pA are assumed to not contribute to overall 
conduction relative to the conductive defects. Figure 6.18 shows a difference in probe current 
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density of 2 orders of magnitude between 2-variant and 4-variant BiFeO3 at h = 120 that 
continuously decreases until the macroscopic current density between domain morpholgies are 
separated by a single order of magnitude at h = 10 nm. The overall current density of 2-variant 
BiFeO3 increases substantially as a function of decreasing film thickness, while the current density 
of 4-variant BiFeO3 is relatively invariant with respect to film thickness. This observation suggests 
that the primary mechanism of conduction in 4-variant BiFeO3 is thickness-independent, where 
the opposite is true in 2-variant BiFeO3, in agreement with the observed Schottky-like behavior of 
conductive filamentary defects presented in Figure 6.10. Figure 6.17b also provides qualitative 
visual evidence that the probe current in 4-variant BiFeO3 is invariant with respect to thickness; 
several conductive defects in Figure 6.17b appear to have no change in the areal footprint or 
magnitude of probe current as film thickness decreases. 
Figure 6.18: Thickness dependence of the calculated macroscopic current density response of 2-
variant and 4-variant BiFeO3, extracted from tomographic CAFM data at 4.0 V DC. 
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The results presented in Chapter 5 and Chapter 6 of this dissertation have provided strong 
evidence that the overall electrical conduction processes in BiFeO3 thin films are dominated by 
various types of conductive defects, the formation of which are governed by polar discontinuities 
in the ferroelectric domain morphology. Figure 6.19 shows the tomographic CAFM probe current 
for several isolated regions on 2-variant and 4-variant BiFeO3 as a function of z position (i.e. film 
thickness), plotted on logarithmic axes. The datasets presented in Figure 6.19 are obtained by 
identifying and isolating regions of interest in the tomographic CAFM data and calculating the 
mean response of a small (< 200 nm) region that bounds the conductive filament. Three isolated 
defects are extracted from 2-variant BiFeO3; the 71° domain wall (black diamonds), the 71° 
domain wall defect (bifurcation, red squares), and the 109° closure defect (green triangles) as 
described earlier in this chapter. The 4-variant defect (blue circles) has been extracted from 
tomographic CAFM of 4-variant BiFeO3 at x = 5.0 μm, y = 1.0 μm with reference to Figure 6.14. 
Figure 6.19: Logarithmic plot of probe current vs. z position for several isolated regions 
extracted from tomographic CAFM data of h = 120 nm, 2-variant BiFeO3 (71° and 109° defects) 
and 4-variant BiFeO3 (4-variant defect). 
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The thickness-dependent I-z response of the 4-variant defect is visibly different from the other 
three isolated regions, in that the probe current (I) is essentially invariant with respect to film 
thickness (and therefore applied field Ez), which agrees with the pseudo-macroscopic calculations 
shown in Figure 6.18. For reference, tomographic CAFM of 4-variant BiFeO3 has been completed 
at a higher voltage bias, V = 9.0 V DC, with similar thickness-independent response of 4-variant-
type defects observed. The deviation of the 4-variant data from linearity near z = 20 nm in Figure 
6.19 is due to a slight shift of the domain wall location in the -y direction during tomographic 
AFM, this shift can be seen in Figure 6.16. The three areas extracted from 2-variant BiFeO3 all 
show thickness-dependent probe current response, although both the 71° degree bifurcation defect 
(red squares) and 109° closure defect (green triangles) contain segments where the probe current 
is constant with respect to film thickness, below 5 nm and 20 nm, respectively. The presence of 
both thickness-dependent and thickness-independent electrical conduction in the 71° domain wall 
bifurcation and the 109° domain wall closure defect, as well as fully thickness-independent 
conduction in the 4-variant defect for all z measured, suggests the existence of two separate 
mechanisms of electrical conduction at ferroelectric domain wall interfaces in BiFeO3 that is 
mediated by the nature of the underlying charged domain wall/polar discontinuity. 
To better understand the possible existence of two distinct electrical transport mechanisms 
in BiFeO3, the probe current measured during tomographic CAFM will be recalculated as the 
electrical conductivity (σ = J / Ez, Equation 5.1) as a function of film thickness. The model 
developed for the z-oriented electric field (Ez) during tomographic AFM of BiFeO3 derived using 
the method of images provides a reasonable level of confidence in the absolute value of the electric 
field applied by a voltage-biased AFM tip which facilitates calculation of the electrical 
conductivity during tomographic AFM; prior to this model, an accurate calculation of the electrical 
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conductivity according to Equation 5.1 was not possible. Figure 6.20a shows the thickness-
dependence of the electrical conductivity (σ = J / Ez) for tomographic CAFM of the 71° domain 
wall bifurcation (red squares) and 109° domain wall closure defect (green triangles) in 2-variant 
BiFeO3, as well as the 4-variant defect (blue circles) in 4-variant BiFeO3. For reference, the data 
shown in Figure 6.20a is obtained through manipulation of the same data presented in Figure 6.10 
and Figure 6.19. Figure 6.20a shows that the three conductive filamentary defects in 2-variant and 
4-variant BiFeO3 exhibit regions of constant electrical conductivity, which emerges at different 
film thicknesses according to the domain wall defect type: z = 5 nm for the 71° bifurcation, z = 20 
nm for the 109° closure defect, and z > 120 nm for the 4-variant defect. In this case, the thickness-
invariance of electrical conductivity is similar to metallic conduction, where the ratio between the 
current density and applied field (Ez, which continuously increases as a function of decreasing film 
thickness during tomographic AFM) is a constant value. This finding agrees with a small number 
Figure 6.20: Thickness-dependence of electrical conductivity in h = 120 nm 2-variant and 4-
variant BiFeO3. a) Electrical conductivity versus film thickness/z position for three domain wall 
defect types. Solid lines represent the mean value of the dataset within the grey region. b) Areal 
dependence of the thickness-independent electrical conductivity for each defect in a).  
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of reports claiming that domain wall-induced conduction in ferroelectric oxides is metal-like26,27, 
as evidenced by a negative dependence of current with respect to temperature at constant voltage. 
In addition, fitting the constant-current density region of the 109° closure defect in Figure 6.10 to 
the Schottky model produces an enormous dielectric permittivity of r = 7.44 × 104; a horizontal 
trend in a plot of ln(J) vs. Ez
0.5 (slope = 0) results in an infinite value for the dielectric permittivity, 
which is consistent with the effective dielectric behavior of metals (free electrons are able to 
completely compensate the applied field in a metal). Recalling the results shown in Figure 5.10 
and Figure 5.11 for 4-variant BiFeO3 in the preceding chapter, dielectric permittivity values of less 
than unity were extracted from Schottky modeling of the data, indicating the possible emergence 
of a non-emission-type behavior at charged domain walls. The grey region in Figure 6.20a 
qualitatively depicts a rough boundary in the electrical response of BiFeO3; data points within the 
grey region show metal-like I-E behavior, and the solid lines in Figure 6.20a represent the mean 
value of the electrical conductivity for each conductive defect where the I-z response has become 
constant. The lower boundary of the grey region is thickness-dependent, and suggests that there 
may be a common origin to the crossover between thickness-dependent and thickness-independent 
conduction in BiFeO3. Table 6.2 provides the results of the tomographic CAFM (I-Ez) data on 2-
variant and 4-variant BiFeO3 analyzed using the models of Schottky emission and Poole-Frenkel 
hopping, including calculated values of the electrical conductivity.  
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Table 6.2: Electrical parameters extracted from tomographic CAFM I-Ez response data on 2-
variant and 4-variant BiFeO3 films, using the method of images for calculation of Ez. 
 Schottky Poole-Frenkel   
 r 
B 
(eV) 
r 
t 
(eV) 
σ 
(-1 m-1) 
Axy 
(μm2) 
71° Dom. Wall 3.89 0.72 21.05 - - - 
71° Defect 6.12 0.59 39.01 0.22 0.0014 0.0102 
109° Defect 0.41 1.23 1.84 0.88 0.0037 0.0360 
4-variant Defect - - - - 0.0224 0.2339 
 
The data presented in Figure 6.20a provides no indication as to why the calculated electrical 
conductivity, in thicknesses where the I-z response assumes a constant value (grey region), is 
different for the three conductive defects shown. Upon visual inspection of the 71° bifurcation and 
109° closure defects in Figure 6.1, as well as the 4-variant defect in Figure 6.14, it is evident that 
the spatial footprint (in x-y) of elevated conduction relative to the bulk for the three defects shown 
in Figure 6.20a is different. The spatial footprint is calculated as the area (i.e. number of imaging 
pixels) where the probe current is greater than 200 pA, within a defined neighborhood 
(approximately twice the size) that surrounds the defect. Figure 6.20b shows the relationship 
between the thickness-invariant electrical conductivity and the spatial footprint occupied by the 
three defects shown in Figure 6.20a; a linear correlation between the spatial footprint and electrical 
conductivity is clearly observed. Filament areas are also included in Table 6.2. This finding 
suggests that the degree to which a filamentary defect in BiFeO3 conducts electrical charge is 
directly controlled by the apparent size of the filament, which in turn is likely controlled by the 
geometry of the polar discontinuity at the associated domain wall. Employing the theory that free 
 160 
 
carriers in BiFeO3 are attracted to charged domain wall interfaces (“head-to-head” in this the 
BiFeO3 tested), a more abrupt polar discontinuity, or a charged domain wall that extends for large 
distances (> 100 nm) may create a charged interface with a higher magnitude of bound charge 
when compared to a 71° domain wall bifurcation, for example, leading to higher free carrier 
density and thus higher electrical conductivity at some domain wall defects. Application of the 
conductance model developed for the spatial spreading of current at charged domain walls in 
ErMnO3
14 may be appropriate to understand the mechanistic original of the through-thickness 
conduction of BiFeO3 shown in Figure 6.20.  
Given the possible existence of two distinct electrical transport mechanisms in BiFeO3 that 
appears to be controlled by both film thickness as well as the size of the region of elevated 
conductivity, the anomalously low value of the dielectric permittivity extracted from the 109° 
closure defect (Figure 6.10a, Table 6.2) can now be reconsidered. For any given electrically 
conductive filamentary defect in 2-variant or 4-variant BiFeO3, there appears to be a relative 
proportion of the film thickness where the electrical transport is described either by Schottky 
emission (thicker films) or metal-like conduction (thinner films). For the 71° bifurcation, the 
proportion of metal-like properties is very small (h < 5 nm, < 5 % of h = 120 nm), while in the 
109° closure defect the relative proportion is substantially larger (~20% of h = 120 nm). The 
resulting dielectric permittivity of r = 0.41 for tomographic CAFM of the 109° defect, which is 
very similar to r = 0.42 of the 4-variant defect in planar I-V measurements, may indicate combined 
emission-type and metallic-type conduction within a single conductive filament, the separation of 
which is likely based on z position within the film. In addition to the possible metallic conductivity 
of charged domain walls in BiFeO3, the abrupt change in the thickness-dependence of electrical 
conductivity shown in Figure 6.20a could originate from free carrier scattering behavior in the 
 161 
 
BiFeO3 film. The thickness regime with thickness-invariant electrical conduction (and 
conductivity) may represent a quasi-ballistic transport regime, where free carriers injected from 
the tip into the film experience zero scattering events prior to entering the opposite SrRuO3 
electrode. The larger apparent spatial footprint of a conductive defect/filament in CAFM data 
implies larger underlying “core” of enhanced conductivity where the electronic properties of 
BiFeO3 are different from the bulk. Within the confines of this hypothesis, the size of the filament 
core could have an impact on the mean free path of free carriers within the filament owing to the 
altered electrostatic potential distribution and atomic arrangements at a charged domain wall. For 
reference, the approximate mean free path for n-type silicon is 10 nm, which is consistent with the 
thicknesses at which the tomographic I-Ez response of the 71° domain wall bifurcation and 109° 
domain wall closure defects becomes thickness-invariant. 
 
6.5. Summary 
Through-thickness measurements of the electrical conduction in 2-variant and 4-variant, h 
= 120 nm thin films using tomographic CAFM have been presented. By applying a constant 4.0 V 
DC voltage bias through the AFM tip during tomographic AFM, the thickness-dependence of 
several conductive features in BiFeO3 was investigated. Electrically conductive filaments that are 
highly localized to charged domain wall interfaces in the in-plane domain morphology were found 
to exist throughout the entirety of the thickness of the film and also to maintain the through-
thickness geometry of the domain wall, to a thickness of less than one nanometer. This observation 
provides additional verification of the stability of the ferroelectric state in BiFeO3 to below 5 nm, 
since the origin of the conductive filaments has been unambiguously determined to be electrically 
charged domain wall interfaces. Using a novel model for the AFM-induced electric field, the 
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thickness dependence of electrical conductivity in BiFeO3 is found to obey Schottky behavior with 
accurate reproduction of electrical properties such as the dielectric permittivity and the Schottky 
barrier height. An equivalent tomographic analysis was performed on h = 120 nm, 4-variant 
BiFeO3. Through-thickness electrical current measurements show that 4-variant BiFeO3 exhibits 
approximately two orders of magnitude higher electrical current density than 2-variant BiFeO3. 
Experimental evidence shows that this is caused by the presence of a large number of conductive 
filamentary defects, as well as several electrically conductive, head-to-head charged domain walls 
in the 4-variant morphology. Evidence of crossover from drift-limited conduction to metallic or 
ballistic-like conduction is found in several isolated conductive filaments, suggesting a change in 
conduction mechanism of BiFeO3 as a function of film thickness. 
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7. Summary and Future Work 
 
A novel experimental technique, tomographic atomic force microscopy (AFM), has been 
developed for the investigation of the thickness-dependence of ferroelectric properties in BiFeO3 
thin films. By combining tomographic AFM with the existing AFM-based methods of 
piezoresponse force microscopy (PFM) and conductive atomic force microscopy (CAFM), an 
entirely new paradigm of tomographic microscopy has been created. As presented in this 
dissertation, tomographic AFM of BiFeO3 is a single technique that has provided the experimental 
means for acquiring high-spatial resolution, three-dimensional mapping and geometric 
quantification of ferroelectric domains, variable-thickness polarization mapping for all three vector 
components of the spontaneous polarization, variable-thickness quantification of multi-step 
polarization switching, and three-dimensionally resolved electrical conductivity of the defect-
dominated conduction in BiFeO3. These measurements were performed with fidelity to film 
thicknesses of less than 2 nm, with a switchable polar state in BiFeO3 observed at a film thickness 
less than 5 nm.  
In addition to the pure novelty of these results, the data extracted from tomographic AFM 
appears to obey all of the relevant physical laws governing the thickness-dependence of electronic 
properties in BiFeO3, for mechanisms as disparate in origin as electrostatic nucleation of 
ferroelectric domains and interface-limited electrical conduction, for example. The addition of a 
novel model for the thickness-dependence of the applied electric field emanating from a biased 
AFM probe provides further understanding of the thickness-dependent mechanisms present during 
tomographic AFM studies, and broadens the applicability of the technique to phenomena requiring 
accurate knowledge of the applied electric field.  
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The analyses, results, and observations presented in this dissertation were largely 
unattainable prior to the development and application of tomographic AFM on BiFeO3 thin film 
heterostructures. The development of both the physical microscopy as well as the analysis tools 
necessary to cope with high-density three-dimensional data will provide the materials research 
community with an invaluable technique to utilize when pursuing finite-size effects of electronic 
properties at single-nanometer length scales. The results presented in this dissertation suggest 
several additional items that could be effectively investigated using tomographic AFM, either 
through new experiments or new analyses of existing tomographic data of BiFeO3. The most 
important follow-on study that has emerged from this work is the reformulation of the thickness 
dependence of the spontaneous polarization and ferroelectric coercive field (Chatper 4) using the 
electric field model developed in the method of images. A fundamental alteration of the thickness-
dependent electrical current was observed one the proper electric field was calculated; this work 
needs to be expanded to the analysis of any thickness-dependent AFM measurements. With respect 
to the experimental tomography procedure, a solution to the z drift or a method for accurate 
detection of the z drift is necessary for truly tomographic measurements. Use of the back electrode 
to reference the interface between the film of interest and the back electrode has proved to be an 
effective work-around, however this method precludes the use of any z height measurements from 
the AFM. If the relative change in position of the sample surface due to z drift is accurately 
quantified through some form of external detection, spatial reconstruction of tomographic data will 
become more straightforward and likely more accurate.  
In the area of ex situ thickness-dependent property measurements on surfaces prepared by 
tomographic AFM, an understanding of the origin and mechanics of formation of the monodomain 
region is necessary. While the out-of-plane spontaneous polarization appears to be unaffected, 
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there may be a structural phase change that occurs in the monodomain region that alters the 
energetics of combined ferroelectric-ferromagnetic switching. This could be probed through 
PEEM measurements of a ferromagnetic overlayer that covers the monodomain region, or atomic-
resolution TEM for structural analysis of the monodomain region in order to detect changes in 
symmetry and/or polarization orientation. We are currently collaborating with Xiaoqing Pan at the 
University of California, Irvine to address this question. Now that the utility of tomographic AFM 
has been established, variable-thickness switching experiments should be conducted on other 
relevant material systems, with an emphasis on vertically-aligned heterostructures and 
superlattices. It is currently unknown whether the thickness-dependence of switching in a 
ferroelectric/dielectric superlattice is defined by the overall thickness of the film or by the thickness 
of individual ferroelectric layers; this question could be addressed through tomographic AFM 
methods. The planar ferroelectric switching and I-V measurements of 2-variant BiFeO3 yielded 
results that were mostly expected, however the mechanism of formation of conductive defects is 
unclear. Quantifying the velocity of domain walls during ferroelectric switching, as well as 
possible domain wall repulsion during ferroelectric switching could provide information on why 
conductive defects form in some areas and not others. The spatial maps of the dielectric 
permittivity and Schottky barrier provide another layer of results that should be quantitatively 
compared with the evolution of ferroelectric switching dynamics, since local dielectric phenomena 
in BiFeO3 is likely mediated by the presence of unbonded, unscreened polarization charge at 
electrically charged domain wall interfaces.  
The tomographic CAFM experiments seem to provide the most potential in uncovering 
new phenomena in electronic materials. The efficacy of tomographic AFM has now been shown 
on BiFeO3, CdTe solar cells, and HfO2 resistive-switching memory cells, suggesting that a great 
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many more materials could be investigated with this technique. Vertically aligned multiferroic 
nanocomposities, polycrystalline perovskite solar cells, and possibly even low-temperature 
tomography polymeric materials are research areas that could seeming benefit from complete 
three-dimensional electrical conduction mapping using the AFM. Specifically related to BiFeO3 
thin films, the geometric analysis of electrical current at domain wall bifurcations produced an 
intriguing result, however no intuitive solution exists as to the origin of both the geometric 
dependence, as well as the role that bifurcation concavity seems to play on defect-driven 
conduction. To address these questions, plan-view TEM along the [001]pc zone axis could provide 
information on the spatial arrangement of the electric dipoles at the unit-cell level, which is likely 
tied to the unique conduction properties at domain wall bifurcations. Finally, using existing 
tomographic CAFM datasets of 2-variant and 4-variant BiFeO3 the spatial dependence (as opposed 
to the thickness-dependence) of conduction at ferroelectric domain defects should be explored. 
The appearance of conductive filamentary defects as cone-shaped as opposed to being completely 
one-dimensional suggests that free carrier scattering rates change as a function of film thickness 
for a given conductive defect, possibly even exhibiting a transition from classical scatting to 
ballistic transport below ~20 nm. Monte Carlo methods based on the classical Boltzmann transport 
equation would provide a good starting point in an attempt to quantify the scattering behavior of 
the carriers at defects and nonlinearities in the domain morphology of BiFeO3.  
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